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A FEASIBILITY STUDY OF A LABORATORY MODEL 
AS A RESEARCH TOOL FOR IMPOUHDMEHT 
WATER QUALITY INVESTIGATIONS
CHAPTER I  
INTRODUCTION
To m eet th e  demands o f  an in c re a s in g  p o p u la t io n ,  th e r e  has been  a 
c o rre sp o n d in g  in c re a s e  in  th e  c o n s tru c t io n  o f  s u r fa c e -w a te r  impound­
m en ts . Such impoundments a re  b u i l t  p r im a r i ly  f o r  th e  pu rpose  o f  r e ­
t a in in g  a  volume o f  w a te r  on th e  su rfa c e  t h a t  no rm ally  w ould be " lo s t"  
t o  a  l e s s  a c c e s s ib le  phase o f  th e  h y d ro lo g ie  c y c le .  Coupled w ith  i n ­
c re a s in g  p o p u la tio n  and economic grow th a re  th e  d iv e rg e n t ,  o f te n  con­
f l i c t i n g ,  needs and d e s i r e s  o f  w ate r consum ers. A cco rd in g ly , th e s e  
impoundments a re  u s u a l ly  m u lti-p u rp o se  system s d es ig n ed  to  p ro v id e  
volum es o f  w a te r  f o r  s e v e ra l  d i f f e r e n t  u s e s , such as dom estic  d r in k in g  
w a te r ,  i r r i g a t i o n ,  f lo o d  c o n t ro l ,  h y d r o e le c t r ic  pow er, r e c r e a t io n ,  and 
t o  r e g u la te  downstream  w a te r  q u a l i ty  and q u a n t i ty .  T h e re fo re , when 
such  a  system  i s  d e s ig n e d , space i s  a l lo c a te d  f o r  each purpose as shown 
in  F ig u re  1 .
A lthough  th e r e  have been a l lo c a t io n  problem s in  such  sy s tem s , when 
p ro p e r ly  d e s ig n e d  th e y  u s u a l ly  fu n c tio n  v e ry  w e ll  in s o f a r  as w ater
1
q u a n t i ty  i s  concerned . However, th e r e  i s  a  v e ry  c lo s e  i n t e r r e l a t i o n  
betw een w a te r  q u a n t i ty  and w a te r  q u a l i ty .  A s tu d y  o f  th e  l i t e r a t u r e  
r e v e a ls  numerous e f f e c t s  on w a te r  q u a l i ty  r e s u l t i n g  from impoundment, 
many o f  which a re  d e t r im e n ta l .
Flood Control
I r r ig a t io n
Stream Control
Industrial
F ig u re  1 . M u lti-p u rp o se  Impoundment S to ra g e  A llo c a t io n  
(A fte r  Oklahoma W ater R esources B oard , Pub. l 8 ,  1968)
3Symons, e t  a l . , ( l )  l i s t e d  b o th  th e  b e n e f i c ia l  and d e tr im e n ta l  
e f f e c t s  o f  impoundment. A summary o f  th e s e  e f f e c t s  i s  shown in  T ab le  1.
TABLE 1
IMPOUNDMENT EFFECTS ON WATER QUALITY 
P o s s ib le  B e n e f i ts  P o s s ib le  D etrim en ts
T u rb id i ty  R eduction  Less M ixing
H ardness R eduction  Less R e a e ra tio n
O rgan ic  R eduction  Backup o f  P o l lu ta n ts
BOD R eduction  A lg a l Blooms
C olo r R eduction  A e s th e tic s
C o lifc rm  R eduction  T a s te s  and Odors
Sm oothing A ction  No Bottom Scour
Therm al S t r a t i f i c a t i o n  
Low DO
Iro n  and Manganese In c re a s e  
HgS P ro d u c tio n  
COg In c re a s e  
pH D ecrease 
O rganic P e r s is ta n c e
Symons a t t r i b u t e s  reduced  t u r b i d i t y  to  low v e lo c i ty  and lo n g  de­
t e n t io n  t im e s .  Reduced h a rd n ess  can  occu r due t o  a lg a l  consum ption o f  
carbon  d io x id e  and subsequent p r e c i p i t a t i o n  o f  calc ium  c a rb o n a te .  Im­
poundment u s u a l ly  causes a  r e d u c t io n  in  BOD and c o lo r  due to  b io d é g ra ­
d a t io n .  C o lifo rm  re d u c tio n  i s  a t t r i b u t e d  t o  lo n g  d e te n t io n  tim e s  a llo w ­
in g  n a t u r a l  d i e - o f f .  Due to  la rg e  r e s e r v o i r  vo lum es, th e r e  te n d s  t o  be  
a  sm oothing a c t io n  on incom ing p o l l u t a n t s .  However, l e s s  m ixing  c o u ld  
a llo w  w a s te s  t o  accum ulate in  one r e g io n .  There i s  u s u a l ly  l e s s  atm os­
p h e r ic  r e a e r a t i o n  due to  low er v e l o c i t i e s  and in c re a s e d  d e p th . T here 
a re  o f te n  in c re a s e d  a lg a l  problem s due t o  n u t r i e n t  b u ild u p  th a t  can 
cau se  t a s t e  and odor problem s and f i l t e r  c lo g g in g . B ecause o f  i n ­
c re a se d  d e p th  th e r e  i s  u s u a l ly  no bo ttom  s c o u r ,  th u s  a llo w in g  o rg a n ic
usedim ent 'b u ild u p . A lso , w ith  in c re a s e d  d e p th , th e rm a l s t r a t i f i c a t i o n  
o f te n  d ev e lo p s  le a d in g  to  th e  lo w erin g  o f  w a te r  q u a l i ty  in  th e  hypolim - 
n io n  due to  re d u c in g  c o n d i t io n s .  As can he se e n , m ost o f  th e  e f f e c t s  
in  T ab le 1 can be  a t t r i b u t e d ,  d i r e c t l y  o r  i n d i r e c t l y ,  t o  lo n g  d e te n tio n  
t im e s .
I t  sh o u ld  be  p o in te d  o u t t h a t  th e s e  e f f e c t s  shown in  T ab le  1 a re  
q u i te  g e n e r a l .  The l i t e r a t u r e  r e v e a ls  an alm ost c o u n tle s s  number o f  
a r t i c l e s  d e a l in g  w ith  th e  more s p e c i f i c  e f f e c t s  on w a te r  q u a l i ty  a t t r i b ­
u ta b le  to  impoundment. Symons (2) rev iew ed  over 600 l i t e r a t u r e  r e f e r ­
ences in  a  c o m p ila tio n  d e a l in g  w ith  w a te r  q u a l i ty  b e h a v io r  in  r e s e r ­
v o i r s .  A g a in , many o f  th e  w orks c i t e d  in d ic a te  t h a t  s e r io u s  w ater 
q u a l i ty  problem s can r e s u l t  from impoundment.
S in ce  w a te r  i s  a  r e u s a b le  com modity, many o f  th e  w a te r  q u a l i ty  
problem s t h a t  d ev e lo p  in  o u r impoundments a re  a t t r i b u t a b l e  t o  p o l lu t io n  
from dom estic  and i n d u s t r i a l  w a s te s .  N o n e th e le ss , w a te r  q u a l i ty  problem s 
have developed  in  impoundments t h a t  have no t been exposed t o  man-made 
p o l l u t a n t s .  Such p ro b lem s, r e g a r d le s s  o f  th e  c a u se , g e n e r a l ly  have 
th e  same end r e s u l t — an in c re a s e  in  th e  c o s t  o f  w a te r , a  d e c re a se  in  
th e  q u a n t i ty  o f  w a te r  a v a i la b le  f o r  a  c e r t a in  u s e ,  and a d e c re a se  in  
th e  a e s th e t i c  and r e c r e a t io n a l  v a lu e  o f  th e  w a te r .
I t  would th e r e f o r e  seem d e s i r a b le  t o  in c o rp o ra te  c o n s id e ra t io n  
fo r  w a te r  q u a l i ty  as  w e ll  a s  q u a n t i ty  when d e s ig n in g  am impoundment 
system . W atershed c o n t ro l  by  co n to u r plow ing and v e g e ta t iv e  co v erin g  
has been  shown to  be  u s e f u l  f o r  im proving b o th  w ate r q u a n t i ty — due to  
in c re a s in g  b a se  l e v e l  f lo w s— and w a te r  q u a l i ty — due to  e ro s io n  and 
s i l t  c o n t r o l .  S e le c t iv e  d is c h a rg e  can  o f te n  upgrade dow nstream  w ate r
5q u a l i ty .  U n fo r tu n a te ly , such  d is c h a rg e  i s  u s u a l ly  n o t p o s s ib le  due t o  
th e  q u a n t i ty  req u irem en ts  demanded o f  m u lti-p u rp o s e  system s and i t  u s ­
u a l ly  has l i t t l e  b e n e f i c ia l  e f f e c t  on th e  w a te r i n  th e  impoundment. 
A lthough th e s e  exam ples can and a re  b e in g  used  in  some ca ses  to  upgrade 
w a te r  q u a l i t y ,  th e y  do no t r e p re s e n t  p r e d ic t iv e  d e s ig n  te c h n iq u e s— 
te c h n iq u e s  t h a t  grow ou t o f  a  fundam en ta l u n d e rs ta n d in g  o f  th e  impound­
ment system . Thus, a lth o u g h  e n t i r e  r i v e r  b a s in  p la n n in g  te c h n iq u e s  can
a d e q u a te ly  p r e d ic t  th e  c o s t / b e n e f i t  r a t i o  o f  an impoundment and p ro v id e
volum es o f  w a te r  to  m eet expec ted  consum er dem ands, th e r e  e x i s t s  l i t t l e  
p r e d ic t iv e  d es ig n  c a p a b i l i ty  in s o f a r  as  w a te r  q u a l i ty  i s  concerned .
Symons (2) o f f e r s  th e  fo llo w in g  e x p la n a tio n  f o r  th e  la c k  o f  p re ­
d i c t i v e  d e s ig n  c a p a b i l i ty :
" In  s p i t e  o f  a l l  th e  r e s e a r c h ,  s u f f i c i e n t  in fo rm a tio n  i s
n o t a v a i la b le  to  p e rm it th e  c h o ic e  o f  one impoundment s i t e
from  among s e v e ra l  in  a  g iv en  g e o g ra p h ic a l a r e a  t h a t  w i l l  
have th e  minimum ad v erse  e f f e c t  on th e  q u a l i ty  o f  w ate r 
and t h a t  w i l l ,  th e r e f o r e ,  p ro v id e  th e  b e s t  q u a l i ty  w a te r .
F u r th e r ,  i f  an impoundment s i t e  i s  f ix e d ,  s u f f i c i e n t
in fo rm a tio n  i s  no t a v a i la b le  to  p e rm it p r e d ic t io n  o f  how
th e  incom ing w a te r w i l l  be changed a s  i t  s ta n d s  in  t h i s  
impoundment. F in a l ly ,  becau se  o f  t h i s  la c k  o f  u n d e rs tan d ­
in g ,  f irm  recom m endations canno t b e  made r e l a t i n g  to  th e  
o u t l e t  s t r u c tu r e  d e s ig n , impoundment o p e ra t in g  p r a c t i c e s ,  
o r  in-im poundm ent c o n t r o l ,  s in c e  t h e  in f lu e n c e  o f  changes
in  th e s e  item s on d isc h a rg e d  w a te r  q u a l i ty  i s  n o t known."
Symons (2) c o n tin u e s  by l i s t i n g  th r e e  re a so n s  why, w ith  th e  
trem endous amount o f  re s e a rc h  in  th e  a p p ro p r ia te  a r e a s , t h a t  th e  i n f l u ­
ence o f  impoundments on w a te r q u a l i ty  can n o t be p r e d ic te d .  F i r s t ,  he
m a in ta in s  t h a t  much o f  th e  d a ta  g e n e r a l ly  a p p l ic a b le  to  th e  u n d e rs ta n d ­
in g  o f  impoundments has no t been  ta k e n  w ith  impoundment b e h a v io r  spe­
c i f i c a l l y  i n  th e  r e s e a r c h e r 's  m ind. As an  exam ple, he n o tes  t h a t  many 
l im n o lo g is ts  and a q u a tic  b io l o g i s t s  have r e l a t e d  grow th o f  a lg a e  to
6l i g h t  i n t e n s i t y  eind p e n e t r a t io n  w ith o u t r e l a t i n g  t h i s  to  d ec re ase d  t u r ­
b i d i t y  due to  im pounding a  t u r b i d  r i v e r .  S econd ly , many in v e s t ig a t io n s  
la c k  th e  fundam ental n a tu re  t h a t  would a llo w  th e  observed  f in d in g s  to  
be p r o je c te d  in to  a new s e t  o f  env ironm en ta l c o n d i t io n s .  T h ird ly , im­
poundment env iro n m en ta l c o n d i t io n s  d i f f e r  from th o s e  o f  stream s in  many 
w ays. He m a in ta in s  t h a t  changes in  w a te r  d e p th , in c re a s e d  d e te n tio n  
t im e , and th e rm a l s t r a t i f i c a t i o n  each  in f lu e n c e  th e  norm al b io lo g ic a l ,  
p h y s ic a l ,  and chem ical p ro c e s s e s  t h a t  le a d  to  changes in  w a te r  q u a l i ty .
S ilv e y  (3) su g g e s ts  t h a t  p a r t  o f  th e  la c k  o f  s o lu t io n s  to  w ate r 
q u a l i ty  problem s i s  one o f  b a s ic  p h ilo so p h y ; t h a t  i s ,  t h a t  impoundments 
a re  b e in g  s tu d ie d  under th e  ground r u le s  developed f o r  th e  s tudy  o f  
n a tu r a l  la k e s .  He com pares, in  a g e n e ra l m anner, th e  d if f e r e n c e s  and 
s i m i l a r i t i e s  betw een n a tu r a l  la k e s  and impoundments. He a ls o  compares 
th e  advan tages and d isa d v a n ta g e s  o f  deep and sh a llo w  impoundments and 
concludes th a t  r e s e r v o i r  shape and ty p e  o f  b a s in  p la y  an im p o rtan t r o le  
in  c o n t r o l l in g  w a te r  q u a l i ty .  As an example o f  th e  a b i l i t y  o f  r e s e r ­
v o i r  shape to  c o n t ro l  w a te r  q u a l i t y ,  i t  i s  p o in te d  o u t t h a t  when m ate­
r i a l s  such as i r o n ,  m anganese, and phosphate  a re  l o s t  from s o lu t io n  in  
a  sh a llo w  impoundment, th e y  a re  u s u a l ly  l o s t  perm an en tly  becau se  l i t t l e  
r e d u c t io n  can o ccu r in  th e  a e ro b ic  zone.
S y lv e s te r  and Seabloom (H) a ls o  f e e l  th a t  b a s in  ty p e  shou ld  be 
an im p o rta n t c o n s id e ra t io n  when d e s ig n in g  an impoundment. These a u th o rs  
su g g e s t t h a t  a t t e n t i o n  sh o u ld  be g iv en  t o  th e  e f f e c t  a  p a r t i c u l a r  im­
poundment s i t e  w i l l  have on th e  s to re d  w a te r  q u a l i ty .  They s t a t e :
" In  s e le c t in g  a  s i t e  f o r  w a te r  s to r a g e ,  a t t e n t i o n  should  
b e  g iven  to  th e  e f f e c t  t h i s  p a r t i c u l a r  impoundment s i t e  
may have on th e  o v e r ly in g  w a te r  q u a l i ty .  Many o f  th e
s i t e  c h a r a c t e r i s t i c s ,  such as  f u tu r e  w a te r  d e p th , con­
f i g u r a t i o n ,  o r ie n t a t i o n  to  th e  p r e v a i l in g  wind d i r e c t i o n ,  
r e l a t i v e  volume o f  in flo w  to  s to ra g e  c a p a c i ty ,  q u a l i ty  
o f  incom ing w a te r , geo logy  o f  su rro u n d in g  t e r r a i n ,  
c h a r a c te r  o f  th e  o r ig i n a l  u n d e r ly in g  s o i l ,  p lu s  th e  
n a tu r e  and e x te n t o f  v e g e ta t io n  and f o r e s ta t io n  may 
e f f e c t  th e  impounded w a te r  q u a l i t y .  C lim a tic  f a c t o r s  
such  as r a i n f a l l ,  t e n g e r a tu r e ,  w ind and s u n lig h t a l s o  
may b e  im p o rtan t in f lu e n c e s ."
The a u th o rs  f u r th e r  s t a t e  " . . . i t  i s  n e c e ssa ry  f o r  e n g in e e rs  to  
adopt a  more s c i e n t i f i c  approach  to  th e  lo c a t io n ,  d e s ig n  and o p e ra t io n  
o f  f u tu r e  im poundm ents, in s o f a r  as t h e i r  e f f e c t  on w a te r q u a l i ty  i s  
c o n c e rn e d ."
From th e  p rece d in g  d is c u s s io n ,  i t  seems rea so n ab le  t o  d iv id e  
c u r r e n t  r e s e a rc h  e f f o r t s  in to  two b ro ad  c a te g o r ie s .  The f i r s t  such 
c a te g o ry  w ould p e r ta in  to  fundam ental r e s e a r c h  b e in g  done , f o r  th e  
most p a r t ,  on a lre a d y  e s ta b l i s h e d  im poundments. The g o a ls  o f  such r e ­
s e a rc h  w ould be  t o  o b ta in  a  b e t t e r  u n d e rs ta n d in g  o f  th e  b e h a v io r  o f  
impounded w a te rs  by in v e s t ig a t in g  new r e la t io n s h ip s  , r e e v a lu a t in g  es­
t a b l i s h e d  r e l a t i o n s h ip s ,  and to  r e l a t e  such f in d in g s  to  th e  c a u s a t iv e  
f a c t o r s .  The second c a te g o ry , w hich n e c e s s a r i ly  o v e rla p s  somewhat w ith  
th e  f i r s t ,  would be o f  an a p p l ie d  n a tu r e .  The e f f o r t s  h e re  would be 
d i r e c te d  tow ard  o b ta in in g  a  p r e d ic t iv e  d e s ig n  c a p a b i l i ty  f o r  impound­
ment sy stem s b ased  on knowledge g a in ed  from  th e  f i r s t  c a te g o ry .  I t  i s  
hoped th ro u g h  such a  d u a l re s e a rc h  e f f o r t  to  a id  th e  s o lu t io n  o f  p ro b ­
lem a re a s  i n  a lre a d y  e s ta b l i s h e d  impoundments and a l s o ,  th ro u g h  such 
te c h n iq u e s  as preimpoundment s i t e  a n a l y s i s , to  d e te c t  and p re v e n t many 
problem s b e fo re  th e  impoundment i s  c o n s tru c te d .
8Due t o  th e  com plex ity  o f  impoundment system s—th e  in t e r a c t io n s  
o f  th e  m u l t ip le  v a r ia b le s  in v o lv ed — re s e a rc h  in  b o th  o f  th e  c a te g o r ie s  
m entioned  above has b een  p a in s ta k in g ly  s low . As d is c u s s e d  e a r l i e r , 
th e r e  i s  a lm o st no m ention  in  th e  l i t e r a t u r e  on th e  e f f e c t  o f  v a r io u s  
e x te r n a l  en v iro n m en ta l f a c to r s  ( l i g h t  i n t e n s i t y ,  te m p e ra tu re ,  w ind , 
e t c . )  on th e  v a r io u s  a s p e c ts  o f  th e  impoundment ecosystem . Q u a n tita ­
t i v e  c o r r e l a t i o n  s tu d ie s  betw een even one e x te rn a l  env ironm en ta l f a c ­
t o r  and some s in g le  a s p e c t o f  an  impoundment u s u a l ly  m eet w ith  f r u s ­
t r a t i o n .  I t  i s  becau se  o f t h i s  co n fu s in g  com plex ity  t h a t  r e s e a rc h  
m ethods a re  b e in g  sough t to  s im p lify  th e  system . A ttem pts a re  b e in g  
made to  c o n t r o l  th e  v a r ia b le s  in v o lv ed  w ith  th e  hope o f  b e in g  a b le  to  
a p p ly  th e  te c h n iq u e s  o f  system s a n a ly s i s .
S e v e ra l r e s e a rc h  te c h n iq u e s  a re  c u r r e n t ly  b e in g  u t i l i z e d  in  an 
a tte m p t t o  b o th  s im p l ify  th e  system  and t o  g a in  some c o n t ro l  over th e  
e x te r n a l  en v iro n m en ta l f a c to r s  m entioned  e a r l i e r .  One m ethod o f  ap­
p ro ach  em ploys what i s  u s u a l ly  r e f e r r e d  to  as a " p h y s ic a l m odel,"  
" a r t i f i c i a l  eco sy s tem ,"  " s im u la te d  n a t u r a l  sy s tem ,"  o r " la b o ra to ry  
m o d e l."  These term s a r e  not to  b e  co n fu sed  w ith  such co n cep ts  as p u re  
c u l tu r e  f l a s k s .  W hile c u l tu r e  s tu d ie s  have  p ro v id ed  much u s e f u l  i n f o r ­
m a tio n , i t  h a s  become ap p a re n t t h a t  ch em ica l and b io lo g ic a l  s p e c ie s  
re sp o n d  d i f f e r e n t l y  w ith in  a  community u n i t  th a n  in  th e  s im p l i f ie d  
environm ent o f  th e  c u l tu r e  f l a s k .  M c ln t ire  (5) b e l ie v e s  t h a t  th e  
labora to ry '- m odel i s  one o f  th e  most p ro m isin g  new re s e a rc h  a p p ro a c h e s , 
and i f  d e s ig n ed  p r o p e r ly ,  shou ld  a llo w  some c o n t ro l  over t h e  e n v iro n ­
m ent w h ile  r e t a in in g  many o f  th e  p r o p e r t i e s  o f  n a tu r a l  ecosystem s. 
M c ln t i r e 's  work in v o lv e d  in v e s t ig a t io n  o f  th e  p r o d u c t iv i ty  and
9b io e n e r g e t ic s  o f  b e n th ic  a lg a l  com m unities, and an e f f o r t  to  r e l a t e  
th e s e  f in d in g s  t o  c o n t r o l le d  en v iro n m en ta l f a c to r s  such a s  l i g h t ,  
carbon  d io x id e  s u p p ly , DO, te m p e ra tu re , and c u r re n t  v e lo c i ty .  A lthough 
t h i s  vo rk  v a s  concerned  w ith  s tream  la b o ra to r y  m odels, th e  u n d e r ly in g  
p h ilo so p h y  i s  much th e  same as  w ith  impoundment m odels. In  e i t h e r  
c a s e ,  th e  work in v o lv e d  does d em o n stra te  th e  p o te n t ia l  o f  la b o ra to r y  
m odels as  a n o th e r  t o o l  f o r  th e  in v e s t ig a t io n  o f  f re s h w a te r  sy stem s.
The a u th o r  co n c lu d es  t h a t  la b o ra to r y  m odels a re  b e s t  u sed  to  g a in  in ­
fo rm a tio n  t h a t  can supplem ent and h e lp  i n  u n d e rs ta n d in g  c o n c u rre n t 
o b s e rv a tio n s  in  th e  f i e l d .
I n  a v e ry  in fo rm a tiv e  p a p e r , C a irn s  (6 ) f u r th e r  expands 
M c ln t i r e 's  b e l i e f  in  la b o ra to r y  m odels. C a irn s  f e e l s  th e  developm ent 
o f  a  c a p a b i l i ty  f o r  p r e d ic t io n  i s  c r i t i c a l  to  th e  f u tu r e  r o le  o f  b i o l ­
o g i s t s .  He b e l ie v e s  t h a t  th e  use o f  s im u la tio n  te c h n iq u e s  co u ld  a llo w  
s tu d y  o f  a l t e r n a t i v e  u se s  o f  th e  environm ent and th a t  th e  consequences 
o f  each use c o u ld  be  e s t im a te d  in  th e  p la n n in g  s ta g e s .  I t  i s  a l s o  
su g g e s te d  t h a t  i n  th e  f u t u r e ,  b e fo re  im p lem en ta tio n  o f  some p la n  such 
as  impoundment c o n s t r u c t io n ,  th a t  a  model system  be u sed  as  a  s o r t  o f  
"p ro v in g  g round"—h o p e fu lly  a p la c e  to  w hich we can r e s t r i c t  o u r en­
v iro n m en ta l m is ta k e s .
The l i t e r a t u r e  c o n ta in s  v e ry  few d e s c r ip t io n s  o f  s im u la te d  
n a tu r a l  sy stem s, e s p e c ia l ly  la b o ra to ry  impoundment m odels. Even few er 
a r t i c l e s  p e r t a in  to  th e  s tu d y  o f  m odels in  an  a ttem p t to  d e te rm in e  
t h e i r  p o t e n t i a l  o r  f e a s i b i l i t y  as a  r e s e a r c h  t o o l .  I t  does seem ap­
p a r e n t ,  how ever, th a t  w ith o u t em phasizing  th e  m odeling c o n c e p t, t h a t  
many inve . do in c o rp o ra te  m odels in to  t h e i r  e x p e rim e n ta l d e s ig n .
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G aM er ( 7 ) ,  in  an in v e s t ig a t io n  o f  sed im en t-w a te r n u t r i e n t  i n t e r ­
change, u t i l i z e d  b o th  f i e l d  and  la b o ra to ry  d e te rm in a tio n s  o f  i n t e r ­
change. F o r th e  f i e l d  s tu d ie s  o f  se d im e n t-v a te r  n u t r i e n t  in te rc h a n g e , 
fo u r p o ly e th y le n e  p o o ls  w ere p la c e d  in  th e  la k e  b e in g  in v e s t ig a te d .
Two o f  th e  p o o ls  w ere w ith o u t b o tto m s, th u s  a llo w in g  com parison o f  th e  
la k e  w a te r  tr a p p e d  in  th e  p o o ls  exposed to  la k e  sed im en t w ith  w a te r  
trap p e d  in  th e  p o o ls  w ith  b o tto m s . The p h y s ic a l ,  ch em ica l, and b io ­
lo g i c a l  v a r ia b le s  o f  th e  w a te r  in  th e  p o o ls  and t h a t  o f  th e  su rro u n d ­
ing  la k e  w ere o b se rv ed  fo r  sev en  m onths. The a u th o r  p o in ts  o u t t h a t  
a lthough  t e s t i n g  in te rc h a n g e  u n d e r f i e l d  c o n d itio n s  would be  i d e a l ,  i t  
i s  e x p e rim e n ta lly  d i f f i c u l t  b ecau se  o f  th e  le n g th  o f  tim e  in v o lv e d , 
th e  i n s t a l l a t i o n  e x p en se , and  th e  d i f f i c u l t i e s  en co u n te red  in  m o n ito r­
in g  such in  s i t u  e x p e r im e n ts . For th e  la b o ra to ry  d e te rm in a t io n s , la k e  
sedim ent was p la c e d  i n  th e  b o tto m  o f 6 - in c h  d ia m e te r , 6 - fo o t  h ig h  g la s s  
colum ns. Lake w a te r  was th e n  p la c e d  in  th e  columns and  m on ito red  f o r  
any change i n  n u t r i e n t  c o n c e n tra t io n  t h a t  cou ld  b e  a t t r i b u t a b l e  to  th e  
u n d e rly in g  se d im e n t. The w a te r  in  th e  columns was m a in ta in e d  u nder 
b o th  a e ro b ic  and a n a e ro b ic  c o n d i t io n s . F u r th e r  la b o ra to r y  s tu d ie s  in ­
vo lv ed  p la c in g  e i t h e r  la k e  o r  d i s t i l l e d  w a te r  o v e r sed im ent in  a q u a r ia .  
Mackenthun (8 ) a l s o  u sed  a q u a r ia  "m odels" in  much th e  same manner as 
G ah le r. U sing , M ackenthun found t h a t  th e  amount o f  phosphorus r e ­
le a s e d  to  th e  o v e r ly in g  w a te r  was very  s m a ll .  F u r th e r  la b o ra to ry
32s tu d ie s  r e v e a le d  t h a t  P p la c e d  on ly  l/U  inch  below  th e  mud s u r fa c e  
was p r a c t i c a l l y  l o s t  from th e  system . The a q u a r ia  experim en ts  d id  
r e v e a l ,  how ever, t h a t  c i r c u l a t i o n  o f th e  w a te r  above th e  sed im en t, 
w ith  th e  a id  o f  a i r  b u b b le s , d id  in c re a s e  th e  phosphorus in  s o lu t io n .
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In  an a t te m p t to  d e term ine  th e  e f f e c t  o f  im poundm en t-site  s o i l  
on th e  w a te r  q u a l i t y ,  S y lv e s te r  and Seabloom (4) a l s o  u sed  la rg e  
columns and w a te r  from  th e  r i v e r  th a t  was to  be impounded was p la ced  in  
th e  colum ns. The columns w ere th e n  s u b je c te d  to  v a r io u s  env ironm enta l 
c o n d i t io n s .  The o b je c t iv e s  w ere to  o b ta in  enough in fo rm a tio n  to  p re ­
d ic t  th e  e f f e c t  t h i s  s o i l  would have on th e  f u tu r e  w a te r  q u a l i ty  o f  th e  
impoundment. The r e s u l t s  in d ic a te d  t h a t  w a te r  s ta n d in g  over o rg an ic  
s o i l  f o r  a  p e r io d  o f  s e v e ra l  weeks became n o t ic e a b ly  c o lo re d , a s s im il­
a te d  enough n u t r i e n t s  t o  su p p o rt la rg e  a l g a l  b loom s, and was u s u a lly  
d e f ic ie n t  in  d is s o lv e d  oxygen. They aJ.so found t h a t  a lg a l  grow ths 
p roduced changes in  th e  o v e r ly in g  w a te r  q u a l i ty  w hich co u ld  exceed  th e  
q u a l i ty  changes due o n ly  to  s o i l - w a te r  c o n ta c t .  An im p o rtan t a sp e c t 
o f  t h i s  r e s e a r c h  r e v e a le d  th a t  a co v e rin g  o f  m in e ra l s o i l  w ould sup­
p re s s  th e  d e tr im e n ta l  e f f e c t s  o f  o rg a n ic  s o i l  on th e  o v e r ly in g  w ate r 
q u a l i ty .
I t  i s  en co u ra g in g  to  f in d  th a t  th e  l i t e r a t u r e  does c o n ta in  some 
r e fe re n c e s  t h a t  p e r t a in  p r im a r i ly  to  th e  s tu d y  and u t i l i z a t i o n  o f  
la b o ra to ry  m o d e ls . S t r ic k la n d ,  e ^  , (9 ) made u s e  o f  a  deep ta n k  to  
s tu d y  th e  grow th and co m p o sitio n  o f  p h y to p lan k to n  c ro p s  a t  low n u tr ie n t  
l e v e l s .  The ta n k  was d e s c r ib e d  as a  c y l in d e r ,  3 m e te rs  in  d ia m e te r by 
10 m eters  t a l l .  The in s id e  o f  th e  ta n k  was c o a te d  w ith  Lam inar X 500, 
a  b la c k  p l a s t i c  f i n i s h  t h a t  i s  i n e r t  tow ard  grow ing p h y to p la n k to n . The 
o u ts id e  o f  th e  ta n k  was in s u la te d  w ith  p o ly u re th a n e  t o  in s u re  c o n s ta n t 
te m p e ra tu re . P h o to c e l ls  lo c a te d  w ith in  th e  ta n k  a t  v a r io u s  lo c a t io n s  
m easured th e  a t t e n u a t io n  o f  l i g h t  by th e  p la n k to n  as  i t  grew . A 
1,200-w  H onovia E n g le h a rd t m ercury a rc  tu b e  cou ld  b e  low ered  in t o  th e
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ta n k  fo r  s t e r i l i z a t i o n  p u rp o se s . Incom ing w a te r  could, l e  f i l t e r e d  and. 
c o o le d . T hree 5-kw h e a tin g  e lem en ts  co u ld  r a i s e  th e  w a te r  te m p e ra tu re  
hy 1 .5 °C /d ay . A ir  huhhles co u ld  he  in tro d u c e d  a t  the b o tto m  o f th e  
ta n k .  A r t i f i c i a l  l i g h t in g  co u ld  p ro v id e  p h o to s y n th e tic  l i g h t  to  a lm ost 
any d e p th . The au th o rs  a ls o  com pared th e  advan tages and d isa d v a n ta g e s  
betw een la b o ra to r y  models and in  s i t u  subm erged, t r a n s lu c e n t  sp h e re s  o r  
c y l in d e r s . They concluded t h a t , a lth o u g h  th e  i n  s i tu  ex p erim en ts  have 
many ad van tages  ov er la b o ra to ry  m o d e ls , th e  in  s i t u  experim en ts s u f ­
f e r e d  from many o f  th e  same draw backs m en tioned  e a r l i e r  by  G ahler (T ).
In  o rd e r  to  in v e s t ig a te  th e  f a t e  o f  s y n th e t ic  o rg an ic s  in  s t r a t i ­
f i e d  im poundm ents, DeMarco, e t  a l .  (lO ) d e s ig n e d  a  la b o ra to ry  model im­
poundment to  d u p l ic a te  th e rm a lly  and b io l o g ic a l ly  a s t r a t i f i e d  impound­
m ent. The 500 g a l lo n  tan k  was 3 f e e t  in  d ia m e te r  by 1 2 .5  f e e t  h ig h .
The to p  w a te r  o f  th e  model co u ld  be h e a te d  and c i r c u la te d  and th e  
b o tto m  w a te r  k e p t co ld  and s ta g n a n t .  I t  was p o s s ib le  t o  d u p l ic a te  on 
a  s m a ll  s c a le  th e  te m p era tu re  and DO regim e found  in  a t y p i c a l  s t r a t i ­
f i e d  impoundment in  th e  f i e l d .  The ta n k  was f i l l e d  w ith  w a te r  from  a 
n e a r -b y  r i v e r  and make-up d i s t i l l e d  w a te r  was added to acco u n t fo r  
e v a p o ra tio n  lo s s e s .  The s y n th e t ic  o rg a n ic s  u n d er study  w ere added to  
th e  ta n k  and d is p e rs e d  th ro u g h o u t w ith  a  h ig h  speed  m ixer- The ta n k  
was th e n  th e rm a lly  s t r a t i f i e d  and g lu c o se  was in je c te d  in to  th e  c o ld  
b o tto m  w a te rs  to  o b ta in  zero  DO c o n d i t io n s . The d isap p earan ce  o f  th e  
s y n th e t ic  o rg a n ic s  under s tu d y  was p e r io d i c a l ly  m onitored by ta k in g  
sam ples from  th e  upper (a e ro b ic )  and low er (an ae ro b ic ) zo n es . R e s u lts  
in d ic a te d  th a t  th e  s y n th e t ic  o rg a n ic s  w ere b ro k en  down v e ry  s low ly  in  
th e  low er zo n e , as  compared t o  th e  u p p e r z o n e .
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Although, "models'* a re  h e in g  u sed  f o r  a  h o s t  o f  d i f f e r e n t  s tu d ie s  
ra n g in g  from  e u t ro p h ic a t io n  to  h io a s s a y ,  th e  c u r r e n t  s t a t e  o f  th e  a r t  
i n d i c a te s  t h a t  c e r t a in  d i f f i c u l t i e s  seem common to  many c a s e s . One o f  
th e  m ost d i f f i c u l t  p roblem s en co u n te red  in  la b o ra to r y  m odels i s  th e  
s e l e c t i o n  o f  a  m ethod to  " fe e d "  th e  m odel. "Feed" d en o tes  a method f o r  
su p p ly in g  w a te r  and c o n s t i tu e n t s  t o  th e  model in  such  a  manner as to  be 
r e p r e s e n ta t iv e  o f  th e  so u rc e s  assumed a v a i la b le  to  th e  n a tu r a l  system  
u n d er s tu d y . A ccord ing  t o  Holm-Hansen ( l l ) , th e  n u t r i e n t  su p p ly  to  a 
n a t u r a l  system  i s  c o n t in u a l ly  b e in g  re p le n is h e d  by a  v a r i e ty  o f  r o u te s ;  
t h e r e f o r e ,  an e q u il ib r iu m  i s  e s ta b l i s h e d  betw een n u t r i e n t  rem oval and 
n u t r i e n t  re p le n ish m e n t. In  la b o ra to ry  t e s t s  t h a t  u t i l i z e  n a tu r a l  
w a te r s , th e  n u t r i e n t s  a re  soon d e p le te d  and th e  ro u te s  o f  re p le n ish m e n t 
a re  c u t  o f f .  Thus th e  dynamic p ro c e s se s  t h a t  e x i s t  in  n a tu re  must be 
in c o rp o ra te d  in t o  th e  d e s ig n  o f  model system s i f  such  system s a re  to  be 
m a in ta in e d  u n d er la b o ra to ry  c o n d i t io n s .
U ndoub ted ly , one o f  th e  m ost im p o rtan t so u rces  o f  c o n s t i tu e n t s  t o  
impoundments i s  th e  s o i l  in  th e  r e s e r v o i r  b a s in  and in  th e  su rro u n d in g  
w a te rs h e d . As m entioned  e a r l i e r  by S ilv e y  (3 ) and S y lv e s te r  and Sea­
bloom ( h ) ,  th e  shape and lo c a t io n  o f  an impoundment w i l l  d e te rm in e , in  
p a r t , th e  b e h a v io r  o f  th e  d e ta in e d  w a te r . S y lv e s te r  and Seabloom s t a t e  
f u r t h e r  t h a t  th e  s o i l  o f  th e  in te n d e d  b a s in  and o f  th e  su rro u n d in g  
w a te rsh e d  p la y s  an  im p o rta n t r o le  in  d e te rm in in g  w a te r  q u a l i t y .
Below i s  a  summary o f  th e  p ro c e sse s  by w hich impounded w a te r  may 
have i t s  q u a l i ty  a l te r e d  when in  c o n ta c t w ith  th e  s o i l ,  a cc o rd in g  to  
S y lv e s te r  and Seabloom (U ).
lJ+
1 . Ion  exchange th rough  th e  c la y  and humic c o l lo id s  in  th e  
s o i l .
2 . R e le a se  o f  d is so lv e d  m a te r ia ls  due t o  th e  m ic ro b io lo g ic a l 
d e g ra d a tio n  o f  o rgan ic  m a t e r i a l s ,  and carbon d io x id e  p roduc­
t i o n  t h a t  d is so lv e s  im p o rta n t n u t r i e n t s  such as p h o sp h o ru s , 
c a lc iu m , and magnesium p re s e n t  in  th e  m in e ra l p o r t io n  o f th e  
s o i l .
3 . L each ing  o f  o rgan ic  and m in e ra l su b s ta n c e s  from th e  s o i l  o r 
v e g e ta t io n  w hich may su p p o rt a lg a l  g ro w th , and a p ro d u c tio n  
o f  a d d i t io n a l  o rgan ic  m a te r ia l  w ith  th e  added end p ro d u c ts  
o f  d eco m p o sitio n .
L. M ic ro b io lo g ic a l a c t iv i ty  a t  th e  s o i l - w a te r  in t e r f a c e  w hich 
d e p le te s  th e  d is so lv e d  oxygen , p o s s ib ly  causing  a n a e ro b io s is  
and a  change in  the p ro d u c ts  o f  decom position .
The e f f e c t s  o f  s o i l  on w a te r  due to  th e  p ro c e s s e s  l i s t e d  above a re
th r e e - f o ld  and a re  l i s t e d  by th e  a u th o rs  below :
1 . P h y s ic a l :  by changing c o l o r ,  t u r b i d i t y ,  and t a s t e  and odor
c h a r a c te r i s t i c s  o f  th e  w a te r .
2 . C hem ical; whereby th e  pH i s  a f f e c t e d  and th e  n a tu re  and
amounts o f  th e  v a r io u s  d is s o lv e d  s o l id s  and gases 
a re  in f lu e n c e d .
3 . B io lo g ic a l :  w here n u t r i e n t s  a re  p ro v id e d  fo r  grow th o f  a lg a e
and o th e r  a q u a t ic  o rg an ism s.
G je s s in g  and Samdal (12) a ls o  f e e l  th e  natiore o f th e  s o i l  in  th e  
impoundment a r e a  sh o u ld  be co n s id e re d . Humic c o lo r ,  u s u a l ly  a t t r i b u t e d  
to  p la n t  d eco m p o sitio n  compounds such  as p o ly p h e n o lic s  b e in g  le ach ed  
from  th e  s o i l ,  can r e s u l t  from new impoundments o r  by a chang ing  w a te r  
l e v e l  i n  an e s ta b l i s h e d  impoundment. F u r th e r  o b s e rv a tio n s  in d ic a te  
t h a t  humic c o lo r  i n t e n s i t y  and COD u s u a l ly  d e c re a se  w ith  t im e ,  p ro b ab ly  
due to  b io lo g ic  p r o c e s s e s .
B o rc h a rd t (13) s t a t e s  th a t  s o i l  in  th e  su rro u n d in g  impoundment 
w a te rsh e d  can b e  in v o lv ed  in  a cy c le  le a d in g  to  e u t ro p h ic a t io n .  He 
m a in ta in s  t h a t  an average lake r e t a in s  30-60  p e rc e n t o f th e  n u t r i e n t s
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w ashed in  from  th e  w a te rsh e d . This i s  co u p led  w i th  th e  knowledge th a t  
A z o to b a c te r . among th e  b a c t e r i a ,  and th e  b lu e -g re e n  a lg s il form s have 
th e  a b i l i t y  to  f i x  n i t r o g e n  from  th e  a tm osphere . B o rch a rd t f u r th e r  
s t a t e s  t h a t  c a rb o n , as  f ix e d  by p la n t  l i f e ,  i s  an  e s s e n t i a l  c o n d itio n  
w hich b e g in s  th e  " f e r t i l i t y  r a c e ."  D ecom position  o f  th e s e  p la n ts  p ro ­
duces o rg a n ic  a c id s  t h a t  i n  tu r n  r e le a s e  phosphorus and o th e r  elem ents 
from th e  m in e ra l m a t te r  in  th e  s o i l .  I t  i s  a rg u e d , th e r e f o r e ,  th a t  
th e  v e ry  p re se n c e  o f  p la n ts  induces th e  g e n e ra t io n  o f  a d d i t io n a l  f e r t i ­
l i z e r s  w hich in  tu r n  enhance th e  developm ent o f  more p la n t  l i f e  and 
a d d i t io n a l  impoundment f e r t i l i t y .
Weiss ( l l )  found th a t  q u a n t i t i e s  o f  humic m a te r ia ls  e n te r in g  a 
la k e  w ere ex tre m e ly  s t im u la t in g  to  a lg a l  c u l tu r e s  ; t h i s  grow th s tim u la ­
t i o n  was a t t r i b u t e d  t o  th e  c h e la t in g  and b u f f e r in g  a c t io n  o f hum âtes.
He rem arks t h a t  tim e  and tim e  a g a in , a l g a l  c u l tu r e s  f a i l  t o  grow u n le ss  
e x t r a c t s  from  s o i l  o r  s o i l - w a te r  m ix tu res  a re  added . M ackenthun (8) 
s t a t e s :  " In  a f re s h w a te r  env ironm en t, a l g a l  re q u ire m e n ts  a re  met by
v ita m in s  s u p p lie d  in  s o i l  r u n o f f ,  la k e  and  s tream bed  se d im e n ts , 
s o lu te s  in  th e  w a te r ,  and m e ta b o li te s  p roduced  by  a c tin o m y c e te s , fu n g i,  
b a c t e r i a ,  and s e v e r a l  a lg a e ."
Connors and B aker (15) p o in t  ou t t h a t  i n  some r e s e r v o i r s ,  a lg a l  
biom ass i s  a  m inor c o n t r ib u to r  to  th e  t o t a l  o rg a n ic  m a t te r  p re s e n t .
I t  can o f te n  be th e  c a se  t h a t  th e  t o t a l  o rg a n ic  lo a d ,  as determ ined  
by COD, i s  e s ta b l i s h e d  by th e  c h a ra c te r  o f  th e  ru n o f f - tr a n s fo rm a t io n s  
t h a t  ta k e  p la c e .  The la b o ra to r y  r e s u l t s  o f  an i n t e r e s t i n g  experim ent 
dem o n stra ted  t h a t  s o i l s  p la c e d  in  d i s t i l l e d  w a te r  reac h ed  an e q u i l ib ­
rium  t h a t  showed th e  w a te r  to  be a  c e r t a in  h a rd n e s s .  D é c a n ta tio n  o f
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t h i s  w a te r  and  i t s  rep lacem en t w ith  f r e s h  d i s t i l l e d  w a te r  a llo w ed  th e  
p ro cess  to  h e  r e p e a te d  w ith  e s s e n t i a l l y  th e  same r e s u l t s ,  i n  t h a t  th e  
second p o r t io n  n e a r ly  always had th e  same h ard n ess  a s  th e  f i r s t .
Work done hy  B r ic k e r ,  e ^  a l . , ( l 6 ) l e d  to  an i n t e g r a l  component 
in  th e  e x p e rim e n ta l d es ig n  u se d  in  t h i s  d i s s e r t a t i o n .  I n  o rd e r  to  
in v e s t ig a te  m in e ra l-w a te r  i n t e r a c t i o n ,  a  sm a ll (103  a c re )  w a te rsh e d  in  
w hich a l l  w a te rs  d ra in in g  from th e  b a s in  o r ig in a te  a s  p r e c i p i t a t i o n  on 
th e  w a te rsh ed  was chosen . Two p le x ig la s s  columns 6 in c h e s  in s id e  
d iam ete r by 3 .5  f e e t  lo n g  were f i l l e d  w ith  s o i l  from th e  w a te rsh e d . 
D i s t i l l e d  w a te r  was allow ed to  c o n tin u o u s ly  p e r c o la te  th ro u g h  th e  f i r s t  
column. The e f f lu e n t  was sam pled and th e n  d is c a rd e d . I n  th e  second 
colum n, d i s t i l l e d  w a te r  was i n i t i a l l y  u sed  as  th e  p e r c o l a te :  th e  e f ­
f lu e n t  was sam pled  and th e n  c o n tin u o u s ly  r e c i r c u l a t e d  th ro u g h  th e  
colum n, no more d i s t i l l e d  w a te r  b e in g  add ed . In  a  m a t te r  o f  days th e  
e f f lu e n t  from  b o th  columns ach iev ed  a  ch em ica l co m p o sitio n  s im i la r  to  
t h a t  o f s tre a m w a te r  in  th e  w a te rsh e d . The e f f lu e n t  from  th e  columns 
m a in ta in ed  t h i s  com position  f o r  a p e r io d  o f  19 w eek s. D uring t h i s  
t im e , a  volume o f  w a te r  e q u iv a le n t to  s i x  y e a rs  r a i n f a l l  was p e r c o la te d  
th ro u g h  th e  co lum ns. At t h i s  p o in t ,  th e  s o i l  in  th e  columns was d r ie d .
A s o lu t io n  c o n ta in in g  50 ppm SiO^ was c i r c u la t e d  th ro u g h  column number 2. 
The s i l i c a  c o n c e n tra t io n  s t a b i l i z e d  in  a  few hours a t  th e  same v a lu e  
ob served  p re v io u s ly  (ap p ro x im ate ly  9 ppm ). D i s t i l l e d  w a te r  p e rc o la te d  
th ro u g h  column number 1 a ls o  ach iev ed  a  s t a b l e  s i l i c a  c o n c e n tra t io n  o f 
9 ppm in  a  m a tte r  o f  h o u rs .
S o i l  w a te r  sam ples were c o l le c te d  by in s e r t in g  a  p l a s t i c  p ip e  
in to  an au g er h o le .  W ater from th e  s o i l  was drawn th ro u g h  a  0 .^5u
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membrane f i l t e r  i n t o  th e  p ip e  by vacuum. Chem ical a n a ly s is  o f  th e  
w ate r showed i t  t o  be rem arkab ly  s im i la r  i n  com position  t o  th e  s tream  
w ate r and th u s  th e  column e f f lu e n t  co m p o sitio n .
O b jec tiv es
The p rim ary  g o a l o f  t h i s  re s e a rc h  p r o j e c t  i s  to  e s t a b l i s h  th e  
f e a s i b i l i t y  o f  a la b o ra to ry  model as a r e s e a r c h  to o l  f o r  w a te r  q u a l i ty  
in v e s t ig a t io n s  o f  an impoundment system . I n  p a r t i c u l a r ,  th e  re s e a rc h  
program  i s  concerned  w ith  th r e e  a r e a s .
The f i r s t  a r e a  i s  concerned  w ith  th e  q u e s tio n :  Can a la b o ra to ry
model o f  Lake T hun d erb ird  ( to  be d e sc r ib e d  l a t e r )  be e s ta b l i s h e d  and 
m a in ta in e d  u s in g  p e r c o la t io n  colum ns, as  d e s c r ib e d  by B r ic k e r ,  e t  a l . , 
( 16 ) ,  as th e  s o le  so u rce  o f  w a te rs  and c o n s t i tu e n ts ?  T h is  does no t 
im ply an a tte m p t to  dynam ica lly  d u p lic a te  Lake T h u n d erb ird . I n s te a d ,  
i t  i s  an a ttem p t t o :  ( l )  d e f in e  th e  m ajor s o u rc e (s )  o f  w a te rs  and
c o n s t i tu e n ts  t h a t  g iv e  Lake T hunderb ird  i t s  p a r t i c u l a r  w a te r  q u a l i ty  
an d , (2 ) t e s t  a  m ethod o f  m a in ta in in g  a  la b o ra to r y  model o v er r e l a ­
t i v e l y  lo n g  p e r io d s  o f  tim e .
The second a r e a  o f  s tu d y  d e a ls  w ith  re sp o n se s  o f  th e  model to  
changes in  en v iro n m en ta l c o n d i t io n s . An a tte m p t i s  made to  show what 
c o n t r o l l in g  in f lu e n c e  such en v iro n m en ta l f a c to r s  have on v a r io u s  
a s p e c ts  o f  th e  model system . Such f a c to r s  a s  a e r a t io n ,  DO, l i g h t ,  and 
e v a p o ra tio n  a re  m an ip u la ted  and  th e  e f f e c t s  on v a r io u s  w a te r  q u a l i ty  
p a ra m e te rs , as w e l l  as on th e  whole m odel, a r e  m o n ito red .
The t h i r d  a r e a  o f  s tu d y  p e r ta in s  to  a number o f  p o s s ib le  funda­
m e n ta l r e s e a rc h  a n n l ic a t io n s  o f  th e  m odel. These s tu d ie s  in v o lv e
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s e v e r a l  d i f f e r e n t  a r e a s ,  o v e r la p  somewhat w ith  th e  above-m entioned 
a re a s  o f  c o n ce rn , and a re  f a i r l y  g e n e ra l .  One such  a p p l ic a t io n  
u t i l i z e s  Ca to  d e te rm in e  i f  suspended c la y  p a r t i c l e s  u nder s im u la te d  
n a tu r a l  c o n d itio n s  so rb  d is s o lv e d  m in e ra ls  such as  ca lc ium . A nother 
a r e a  o f  s tu d y  com pares t o p s o i l  from th e  Lake T hunderb ird  w a te rsh e d .
Lake T h u n d erb ird  se d im e n t, and model sed im ent i n  o rd e r  to  g a in  in f o r ­
m a tio n  in to  th e  n a tu re  o f  sed im en ts  and t h e i r  r o l e  in  w a te r  q u a l i t y .
One o th e r  such  s tu d y  t r i e s  t o  a s c e r t a in  w heth er o r  n o t a v a i la b le  
p h o sp h a tes  a re  r e le a s e d  from  model sed im ent u n d er h y p o lim n e tic  con d i­
t i o n s  (no l i g h t  and red u ced  oxygen c o n c e n tr a t io n s ) .
I t  i s  hoped t h a t  th e  work p re s e n te d  h e re  w i l l  c o n t r ib u te  t o  th e  
know ledge c u r r e n t ly  b e in g  e s ta b l i s h e d  in  th e  f i e l d  o f  s im u la te d  n a tu r a l  
sy s te m s ,
CHAPTER I I
THE LAKE THUEDERBIRD SYSTEM
The Lake
Lake T hunderb ird  i s  a  r e l a t i v e l y  t y p i c a l  so u th w e s te rn  impound­
m en t. I t  was b u i l t  by th e  U. S. Bureau o f  R ec lam atio n  f o r  f lo o d  con­
t r o l ,  r e c r e a t i o n ,  and m u n ic ip a l and in d u s t r i a l  supp ly  f o r  Norman, Del 
C i ty ,  and Midwest C ity . The e a r t h - f i l l  dam was com pleted  in  1965 
a c ro s s  L i t t l e  R iv e r ,  j u s t  downstream  from th e  mouth o f  Hog C reek. The 
C e n tra l Oklahoma M aster C onservancy D is t r i c t  i s  th e  c o n t r o l l i n g  agency 
o f  th e  la k e  and i s  composed o f  members from D el C i ty ,  Norman, and 
Midwest C i ty .
Lake s to ra g e  c a p a c i t i e s  and b a s ic  morphom etry f ig u r e s  a re  l i s t e d  
i n  T ab le  2 . At th e  norm al (c o n se rv a tio n )  e le v a t io n  o f  1039 f e e t  above 
se a  l e v e l ,  th e  r e s e r v o i r  h a s  an a r e a  o f 6070 a c re s  and a  c a p a c ity  of 
119,600  a c r e - f e e t .  S to ra g e  a l lo c a t io n s  a re  7 6 ,200 a c r e - f e e t  f o r  f lo o d  
c o n t r o l ,  85,000  a c r e - f e e t  f o r  i n d u s t r i a l  and m u n ic ip a l su p p ly , and 
35 ,000 a c r e - f e e t  f o r  minimum p o o l c a p a c ity  and  sed im en t accum ula tion .
The maximum dep th  o f  th e  c o n se rv a tio n  p o o l i s  69 f e e t  (sedim ent 
b u ild u p  n o t accoun ted  f o r )  in  th e  a re a  ju s t  n o rth w e s t o f  th e  dam. How­
e v e r ,  th e  mean dep th  o f  th e  c o n se rv a tio n  p o o l i s  o n ly  20 f e e t .  I t  can
be seen  from T able 2 t h a t  th e  r a t i o  3 ( d / d  ) i s  f a i r l y  c o n s ta n t a t  th em mx
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TABLE 2
LAKE TEUKDERBIBD MORPHOMETRY
Dead
Maximum
Pool F lood P oo l
C o n serv a tio n
Pool
S to rag e
Pool
B asin  E le v a tio n  
(m sl i n  f e e t )
970 970 970 970
P o o l E le v a tio n  
(m sl in  f e e t )
1 ,065 1 ,049 1 ,039 1 ,010
d ( f e e t )  mx 95 79 69 4o
A ( a c r e s ) 13,850 8,800 6 ,070 1,680
S (m ile s ) 196 125 86 24
V ( a c r e - f e e t ) 367,500 196,200 119,600 13,700
d (f e e t  ) m 27 22 20 8
Sd 11 .9 9 .5 7 .9 4 .2
Vd 0 . 8k 0 .81 0 .84 0 .60
m sl = mean s e a  l e v e l
d  = Maximum demth mx
A = S u rface  a r e a  
S = Length, o f  s h o re l in e  
V = Volume
d = Mean deu th  m
Sd = S h o re lin e  developm ent = 2
( ttA) 1 /2
Vd = Volume developm ent = 3 (d  /d  )
m X
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v a r io u s  la k e  p o o ls .  T h is r a t i o  i s  known as "volume developm ent" (Vd) 
and compares th e  la k e  volume to  th e  volume o f  a  cone w ith  a  b a s a l  a re a  
eq u a l to  th a t  o f  th e  la k e  and a  h e ig h t eq u a l to  th e  mean d e p th . Thus 
a  r a t i o  o f  1 would in d i c a te  a  cone-shaped  b a s in .  T h e re fo re ,  th e  volume 
developm ent f o r  T hunderb ird  in d i c a te s :  ( l )  a  b a s in  shape approach ing
t h a t  o f  a f l a t  cone and (2 ) th e  b a s in  shape i s  f a i r l y  c o n s ta n t f o r  each 
o f  th e  la k e  p o o ls .
"S h o re lin e  developm ent" (Sd) i s  th e  r a t i o  o f  t h e  le n g th  o f  sh o re ­
l i n e  to  th e  le n g th  o f  c ircu m feren ce  o f  a  c i r c l e  w ith  an a r e a  equal to  
t h a t  o f  th e  la k e .  A r a t i o  o f  1 would in d i c a te  a  c i r c u la r - s h a p e d  la k e .  
F ig u re s  from T ab le  2 in d ic a te  t h a t  T hunderb ird  i s  n o t c irc u la r - s h a p e d  
a t  any o f  i t s  s to r a g e  p o o ls  and would be  b e s t  c l a s s i f i e d  as  d e n d r i t i c .  
Such f ig u re s  do in d ic a te  th e  la rg e  amount o f  l i t t o r a l  a re a  found in  
T h u n d erb ird .
As can be  seen  in  F ig u re  2 , Lake T h u n d erb ird  i s  a  somewhat 
U -shaped la k e . P r e v a i l in g  s o u th e r ly  winds keep th e  r e s e r v o i r  w e ll 
m ixed. Any summer s t r a t i f i c a t i o n  th a t  has developed  has been  ex trem ely  
t r a n s i t o r y .  V e r t ic a l  te m p e ra tu re  s t r a t i f i c a t i o n  i n  hO f e e t  o f  w a te r  
has  no t exceeded °C. Chemical an a ly se s  r e v e a l  v e ry  l i t t l e  d i f f e r ­
ence from one sam ple lo c a t io n  to  th e  n e x t ,  w ith  th e  p o s s ib le  o c c a s io n a l 
e x c e p tio n  o f  th e  u pper reac h es  o f  th e  L i t t l e  E iv e r  and Hog Creek arm s. 
Suspended c la y  p a r t i c l e s  g iv e  th e  la k e  a  muddy ap p ea ran ce  a lth o u g h  
t u r b i d i t y  v a lu e s  as low as 5 Jackson  t u r b i d i t y  u n i t s  have been  re c o rd e d . 
W ater te m p era tu re s  v a ry  from a w in te r  low n e a r  f r e e z in g  to  a summer h ig h  
o f  30 °C. A p a r t i a l  ic e  cover was observed  i n  th e  w in te r  o f  1968 and 
l a s t e d  about 2 d a y s .
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-, O k l a h o m o  !
F ig u re  2 . Lake T hunderb ird  W atershed
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% e  w a te r  q u a l i ty  o f  T h u n d erb ird  i s  g e n e r a l ly  good. T ab le  3 
l i s t s  approx im ate  v a lu e  ran g es  f o r  some ty p i c a l  w a te r  q u a l i ty  
p a ra m e te rs .
TABLE 3
LAKE THUIIDERBIRD WATER QUALITY
D. 0 . N ear S a tu r a t io n
pH 8 . 0- 8 .5
T u rb id ity 5-500 JTU
TDS 250-300  m g /l
Iro n 0- 0.10  m g /l
Manganese 0 -0 .2 5  m g/l
o -P hospha te 0 .0 1 -0 .1 5  m g/l
T -Phosphate 0 .2 0 -0 .3 0  m g/l
A lk a l in i ty 180-200  m g /l
T o ta l H ardness 170-230  m g /l
Calcium H ardness 90-120  m g/l
Magnesium H ardness 80-110  m g /l
5-Day BOD 2-3  m g /l
COD 15 m g /l
A lthough th e  d is s o lv e d  oxygen c o n c e n tr a t io n  i s  u s u a l ly  n e a r  
s a tu r a t io n ,  low la k e  bo ttom  v a lu e s  have been  re c o rd e d  in  th e  summer. 
Such low v a lu e s  (1 -2  m g /l) u s u a l ly  p e r s i s t  i-.-r o n ly  a  day o r  tw o. The 
low BOD and COD v a lu e s  in d i c a te  a  low o rg a n ic  c o n c e n tra tio n  and th e  
absence o f p o l lu t io n  in  th e  a r e a .
2h
C lim ate
Lake T hunderb ird  i s  lo c a te d  in  c e n t r a l  Oklahoma, a to u t  12 m ile s  
e a s t  o f  Norman, in  C leveland  County. The c l im a te  o f  t h i s  re g io n  i s  
c o n t ro l le d  hy th e  i n t e r a c t io n  o f  t r o p i c a l  and p o la r  a i r  m asses, and 
most p r e c i p i t a t i o n  is  Drought about by th e  c h i l l i n g  o f  varm , m oist 
G ulf a i r  by  c o o le r  a i r  o f  n o r th e r ly  o r i g i n .  Most o f  th e  annual p re ­
c i p i t a t i o n  i s  due to  r a i n f a l l ,  w ith  v e ry  l i t t l e  a t t r i b u t e d  to  h a i l ,  
s l e e t , a n d /o r  snow.
R ain  from re g io n a l  c y c lo n ic  sto rm s and lo c a l  thundersto rm s 
occurs th ro u g h o u t th e  y e a r ,  b u t  i s  g r e a t e s t  d u rin g  th e  sp r in g  and 
summer m onths. The average an n u a l p r e c i p i t a t i o n  a t  Norman i s  33 
in c h e s . The av erag e  annual te m p e ra tu re  i s  60°F . However, as can be  
seen in  T ab le  h , th e  c e n t r a l  Oklahoma a r e a  i s  c h a ra c te r iz e d  by w ide 
ranges i n  te m p e ra tu re  and w ide d e v ia t io n s  from  av erag e  p r e c i p i t a t io n .  
A lthough T able 4 does show th e  s e a s o n a l v a r i a t i o n  in  c e n t r a l  Oklahoma, 
such av e ra g e  f ig u r e s  do no t r e v e a l  th e  trem endous range  found in  tem­
p e ra tu r e  and p r e c i p i t a t i o n .  An an n u a l te m p e ra tu re  range  o f  110°F i s  
n o t u n u su a l in  t h i s  a re a .  L ik ew ise , r a i n f a l l  i n t e n s i t i e s  have been  
known t o  v a ry  from a  few h u n d red th s  o f  an in c h  p e r  2h hours  to  10-12 
inches p e r  2h h o u r s .
F ig u re  3 , redraw n and u p d a ted  from  Wood and B urton  (1 7 ) ,  i l l u s ­
t r a t e s  th e  annual p r e c i p i t a t i o n  av e ra g e  f o r  th e  p e r io d  1891-1969 and 
th e  y e a r - to - y e a r  d e v ia tio n  from  t h i s  a v e ra g e . F ig u re  U, redrawn and 
u p d a ted  from  Wood and B urton  (1 7 ) ,  shows th e  p r e c i p i t a t i o n  cum ulative 
d e p a r tu re  from average  annual p r e c i p i t a t i o n  f o r  th e  same p erio d  o f  
tim e .
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TABLE k
AVERAGE TEMPERATURE AND PRECIPITATION IN CENTRAL OKLAHOMA
Month
Average 
Tem perature ( F)
Average 
P r e c ip i t a t io n  ( i n . )
Ja n u a ry 38.8 1.1+3
F eb ru ary 43.0 1 .58
March 1+9 .3 2 .08
A p r il 61.1 3 . 1+1+
May 69.0 5 . 1+1+
June 72.8 1+.1+6
J u ly 81.0 3 .07
August 82.1 2.69
Septem ber 69.5 3 .35
O ctober 63.9 2 .93
November 1+9 .7 1 .81
December 1+1.3 1 .5 3
Annual 60.1 33 .81
S ou rce : Wood, P. R. and B u rto n , L. C. ,  " G round-w ater
R esou rces i n  C leveland  and Oklahoma C o u n tie s , 
Oklahom a," Oklahoma G e o lo g ic a l S u rv ey , C irc u la r  71 ,
1968
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The t r e n d  shown in  F ig u re  U in d ic a te s  a  c y c lin g  phenomenon.
Upward cu rves in d ic a te  t r e n d s  o f  g r e a te r  th a n  average p r e c i p i t a t i o n  and 
downward cu rv es  in d ic a te  tr e n d s  o f  he low -average p r e c i p i t a t i o n .  Such 
a l t e r n a t in g  w et and d ry  p e r io d s  sug g est d ry  p e r io d s ,  r a n g in g  in  le n g th  
from  5-9 y e a r s ,  and w et p e r io d s  o f  2-15 y e a r s .  Both F ig u re  3 and 
F ig u re  t  a re  r e p r e s e n ta t iv e  o f  p r e c ip i t a t io n  tr e n d s  a t  o th e r  lo c a le s  in  
th e  g re a t  p la in s .
F ig u re s  3 and ^ in d i c a te  th a t  s in c e  com ple tion  o f  th e  T hunderb ird  
dam in  19^5, th e  re g io n  has been  e x p e rie n c in g  a d ry  p e r io d .  The maxi­
mum r e s e r v o i r  e l e v a t io n  o b ta in e d  (1 ,032 f e e t )  o c c u rre d  in  th e  sp rin g  
o f  1969 and a g a in  in  th e  s p r in g  o f  1970. At th e  1 ,0 3 2 -fo o t  e le v a t io n ,  
th e  r e s e r v o i r  has a c a p a c i ty  o f  app rox im ate ly  84,000 a c r e - f e e t .  Thus 
th e  r e s e r v o i r  has y e t  to  re a c h  th e  c o n s e rv a tio n  p o o l e le v a t io n  o f  
1,039  f e e t .  However, i f  p a s t  tre n d s  h o ld , a w et p e r io d  can be  fo re ­
c a s t  over th e  n e x t few y e a r s .  (N ote: At th e  tim e o f  t h i s  w r i t in g ,
O ctober 1970, u n u s u a lly  h ig h  r a in s  have b ro u g h t th e  r e s e r v o i r  le v e l  
t o  an e le v a t io n  o f  1 ,0 3 6 .7  f e e t . )
Hydrology
Lake T h u n d erb ird  i s  lo c a te d  in  a  w e ll d e f in e d ,  sm a ll  w atershed  
o f  256 sq u are  m i le s . A ll  w a te rs  d ra in in g  th e  w a te rsh e d  o r ig in a te  
th e r e in  as p r e c i p i t a t i o n .  L i t t l e  R iver i s  th e  p r in c i p a l  s tream  in  th e  
b a s in .  The g ra d ie n t  o f  L i t t l e  R iver i s  about 12 f e e t  p e r  m ile  so u th - 
w estw ard. A ccord ing  to  Wood and B urton (1 7 ) ,  L i t t l e  R iv e r  had an 
av erag e  annual r a t e  o f  flo w  p a s t  a  gaging s t a t i o n  lo c a te d  j u s t  sou th  
o f  th e  p re s e n t d am site  o f  45,700 a c r e - f e e t  (6 3 .2  c f s )  f o r  th e  11 -year
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p e r io d  1952-1963. S in ce  c lo su re  o f  th e  dam i n  March 1965 , an av erag e  
d a i ly  f lo v  o f 0 .5  c f s  (S62 a c r e - f e e t  p e r  y e a r )  has been m a in ta in ed  by 
le a k a g e  around th e  g a te s ;  th e  g a te s  have n o t been  opened to  d a te .  Due 
t o  c lay -se d im e n t acc u m u la tio n , l i t t l e  lo s s  due to  seepage i s  th o u g h t 
t o  o ccu r.
A ll  th e  p r in c i p a l  s tream s in  th e  w a te rsh e d  a re  c l a s s i f i e d  as 
i n t e r m i t t e n t .  A ll  s tream flo w s are  dependent on r a i n f a l l ;  g roundw ater 
i s  n o t th o u g h t to  be  a  so u rce  o f  s u r fa c e  w a te r  anywhere in  th e  re g io n . 
S in c e  c lo s u r e ,  w a te r  has  flo o d e d  o v er stream banks in  many p la c e s  and 
stream flo w s a re  v e ry  sm a ll. Volume c a l c u la t io n s  f o r  th e  T hunderb ird  
system  f o r  f i s c a l  y e a r  I 968- I 969 a re  shown i n  T ab le  5 .
TABLE 5
VOLUME CALCULATIONS FOR TEUNDEBBIRD SYSTEM 
FISCAL YEAR 1968- I 969
W atershed  R a in f a l l  Volume (37 in c h e s ) --------------------------5 0 4 ,640 a c r e - f e e t
M easured Lake Volume In c re a s e ------------ 31 ,640  a c r e - f e e t
Pumpage  7 ,0 7 9  a c r e - f e e t
E v ap o ra tio n -------------------------------------------1 1 ,9 7 1  a c r e - f e e t
Leakage L oss---------------------------------------  362 a c r e - f e e t
T o ta l Lake Volume In c re a s e ----------------- 5 1 ,052  a c r e - f e e t
S t a t i s t i c s  p ro v id ed  by U. S. G eo lo g ica l S u rv e y , U. S. Army Corps o f  
E n g in e e rs , and C e n tra l  Oklahoma M aster C onservancy D i s t r i c t .
A lthough th e  volume c a lc u la t io n s  i n  T ab le  5 a re  b a se d  on on ly  
one y e a r ,  th e y  a re  r e p r e s e n ta t iv e  o f  th e  h y d ro lo g y  o f  th e  system . 
E v a p o ra tio n  in  th e  a re a  i s  h ig h ;  th e  av erag e  an n u a l e v a p o ra tio n -p a n
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lo s s  o f  58 in c h e s  v i l l  cause  a r e s e r v o i r  volume l o s s  o f  abou t 29,000  
a c r e - f e e t  when th e  c o n se rv a tio n  poo l e le v a t io n  i s  re a c h e d .
I t  i s  f u r t h e r  e v id e n t from  T able 5 t h a t  o f  th e  $0^,627  a c r e - f e e t  
p o t e n t i a l l y  a v a i la b le  to  T h u n d e rb ird , on ly  11 p e rc e n t  (51 ,052  a c r e - f e e t )  
a c tu a l ly  re a c h e d  th e  impoundment. I t  has been  e s t im a te d .  B urton  and 
Woods ( 1 7 ) ,  t h a t  o n ly  5 p e rc e n t  o f  th e  an n u a l r a i n f a l l  c o n t r ib u te s  to  
groundw ater r e c h a rg e . T h e re fo re ,  ap p ro x im ate ly  84 p e rc e n t o f  th e  
annual r a i n f a l l  ap p ea rs  t o  b e  l o s t  to  é v a p o t r a n s p ir a t io n .
The W atershed
G eo lo g ic , s o i l ,  and v e g e ta t io n  s tu d ie s  o f  th e  T h u n d erb ird  w a te r­
shed  re v e a le d  t h a t  i t  cou ld  be  d iv id e d  in to  two g e n e r a l  r e g io n s .  These 
re g io n s  a re  shown a s  "A" and "B" in  F ig u re  2 .
Region "A" i s  composed p r im a r i ly  o f  H ennessey S h a le  c o n s is t in g  
o f  deep re d  c la y  w ith  t h i n  bands o f s a n d s to n e , and  T e rra c e  D ep o sits  o f  
g r a v e l ,  sa n d , and s i l t .  The H ennessey S ha le  co v ers  th e  w e s te rn  one- 
t h i r d  o f  C lev e lan d  County and i s  Permian in  ag e . The fo rm a tio n  i s  
o v e r la in  w ith  p r a i r i e s  t h a t  form  a g e n tly  r o l l i n g ,  g ra s s -c o v e re d  p la in .  
The p r a i r i e s  a r e  l a r g e ly  b a r r e n  o f t r e e s  ex ce p t i n  th e  v a l le y s  o f  th e  
s tre a m s . R eddish-brow n s h a le  c o n ta in in g  la y e r s  o f  s i l t s t o n e  and f in e ­
g ra in e d  san d s to n e  dom inate  th e  H ennessey.
The s o i l s  o f re g io n  "A" a re  m o d e ra te ly  d e e p , and have been 
developed  c h i e f ly  from  c a lc a re o u s  c la y  s h a le  and sandy s h a le .  The 
s o i l s  a re  g e n e ra l ly  r e d  t o  red d ish -b ro w n  and v a ry  in  t e x tu r e  from  
c lay ey  to  loam y. S u rfa c e  d ra in a g e  in  th e  r e g io n  i s  slow  to  r a p id ,  
depending on lo c a l  r e l i e f .  R unoff r a te s  a re  h ig h  and m ost s lo p in g  
s u r fa c e s  a re  s u s c e p t ib le  to  g u l ly  and sh e e t e r o s io n .
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Region "B" i s  composed alm ost e n t i r e l y  o f  th e  Perm ian G arber 
Sandstone and W ellin g to n  F o rm a tio n s . Much o f  th e  r e g io n  i s  c h a ra c te r ­
iz e d  hy l e v ,  s te e p - s id e d  san d sto n e  h i l l s  form ed hy d i f f e r e n t i a l  e ro s io n  
o f  l e n t i c u l a r  heds o f  re d  san d sto n e  and s h a le .  These h i l l s  a re  
f o r e s te d  w ith  sm a ll b la c k ja c k ,  sc ru h o ak , and o th e r  sm a ll slow -growing 
deciduous t r e e s .  G arber S andstone and W ellin g to n  F orm ation  a re  n o t 
e a s i l y  d is t in g u is h e d  b eca u se  o f  th e  s i m i l a r i t i e s  i n  l i th o lo g y  and 
w a te r -b e a r in g  c h a r a c t e r i s t i c s :  Wood and B urton  (17) mapped them as a
s in g le  u n i t .
The s o i l s  o f  re g io n  "B" a re  red d ish -b ro w n  to  brown and a re  
sh a llo w  to  m o d e ra te ly  deep . They a re  g e n e ra l ly  loamy and sandy in  
n a tu re .  S u rfa c e  d ra in a g e  i s  r a p id ,  r u n o f f  r a t e s  a re  r e l a t i v e l y  h ig h , 
and th e  a r e a  i s  h ig h ly  s u s c e p t ib le  to  bo th  s h e e t  and g u l ly  e ro s io n .
W ith th e  e x c e p tio n  o f  Moore, no urban a re a s  e x i s t  in  th e  w a te r­
shed . Moore d e l iv e r s  i t s  s a n i t a r y  and sto rm  sewage to  th e  South 
Canadian R iv e r ,  lo c a te d  w est o f th e  w a te rsh e d . The o th e r  u rban  a rea s  
in  th e  v i c i n i t y —Worman, D el C ity , T in k e r A ir  F orce B a se , and Midwest 
C ity — d is c h a rg e  t h e i r  s a n i t a r y  and storm  w astes  o u ts id e  th e  w ate rsh ed .
A ll o f  th e  la n d  im m ed ia te ly  su rro u n d in g  T h u n d erb ird  has been s e t 
a s id e  as a  p u b lic  a r e a .  The a re a  in c lu d e s  b o a t ram ps, p ic n ic  g rounds, 
and camping g ro u n d s. I n  a d d i t io n ,  th e  la n d  su rro u n d in g  th e  n o r th e rn  
o n e - th i r d  o f  th e  Hog Creek arm o f  th e  la k e  has been d e s ig n a te d  as a  
w i l d l i f e  a r e a .  The r e s t  o f  th e  la n d  i n  th e  w a te rsh e d  i s  e i th e r  f o r e s te d  
o r  g ra s s -c o v e re d  p r a i r i e .  There i s  some g e n e ra l  fa rm in g . However, 
acc o rd in g  t o  th e  C lev e lan d  County o f f i c e  o f  t h e  S o i l  C o n serv a tio n  
S e rv ic e ,  th e r e  i s  no i r r i g a t i o n  in  th e  w a te rsh ed  and l i t t l e  o r no use
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o f  f e r t i l i z e r s  o r  p a s t i c id e s  ; th e  t r e n d  o v er th e  p a s t  few y e a r s  has 
been  tow ard more p a s tu r e  ( p r a i r i e )  la n d .
Lake S ta n le y  D raper i s  th e  on ly  o th e r  r e s e r v o i r  i n  th e  w a te rsh e d . 
The la k e  i s  p a r t  o f  th e  m u n ic ip a l w a te r-su p p ly  system  o f  Oklahoma C ity  
and was b u i l t  as a  s to ra g e  r e s e r v o i r  f o r  w a te r  pumped from Lake A toka, 
lo c a te d  in  th e  s o u th e a s te rn  p a r t  o f  th e  s t a t e .  O ther th a n  th e  i n t e r ­
c e p t io n  o f  an  e s t im a te d  1 ,0 0 0  a c r e - f e e t  p e r  y e a r  from th e  T h u n d erb ird  
w a te rsh e d  r u n o f f .  D raper has had no e f f e c t  on T hunderbird . D uring th e  
co u rse  o f  t h i s  s tu d y ,  th e  D raper r e le a s e  g a te s  were not opened . How­
e v e r ,  due to  a S ta t e  Supreme Court r u l i n g ,  w a te r  i s  now b e in g  r e le a s e d  
in  an amount e q u iv a le n t to  th e  amount a n n u a lly  in te rc e p te d  from th e  
T hunderb ird  w a te rsh e d .
Remarks
The p re c e d in g  s tu d y  o f  th e  T hunderb ird  system  re v e a ls  t h a t  i t  i s  
somewhat un ique i n  i t s  r e l a t i v e  s im p l ic i ty .  As m entioned e a r l i e r ,  
th e r e  i s  no ev id en ce  o f  any w aste  o r groundw ater inflow  to  th e  system . 
F u rth erm o re , as Lake D raper r e le a s e d  no w a te r  to  T hunderbird  d u rin g  th e  
co u rse  o f  s tu d y , i t  ap p ea rs  t h a t  w a te r s h e d - r a in f a l l - ru n o f f  i s  th e  m ajor 
so u rc e  o f  w a te rs  and c o n s t i tu e n ts  to  T h u n d erb ird .
The s tu d y  o f  th e  w a te rsh e d  re v e a ls  t h a t  th e r e  are o n ly  two m ajor 
g e o lo g ic  fo rm a tio n s  in  th e  a r e a  and th a t  th e s e  a r e  q u ite  s im i la r .  S o i l  
in  th e  w ate rsh ed  i s  d e r iv e d  from  th e  w ea th e rin g  o f  the g e o lo g ic  form a­
t io n s  and a ls o  i s  a l l  q u i te  s i m i l a r ,  b e in g  conroosed p r im a r ily  o f  c la y s ,  
s h a le s ,  s a n d , and s i l t .  The h ig h  t u r b i d i t y  v a lu e s  found in  T h u n d erb ird , 
e s p e c i a l l y  a f t e r  s to rm s , a re  p ro b ab ly  due to  th e  h ig h  r u n o f f  r a t e s  in
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t h e  a re a  and th e  s u s c e p t i b i l i t y  o f  th e  s o i l  to  sh e e t and g u lly  
e ro s io n .
I t  i s  concluded  t h a t  w a te rsh e d  to p s o i l  p la y s  a m ajor r o le  in  
d e te rm in in g  th e  w a te r  q u a l i ty  o f  T h u n d erb ird . I t  i s  on t h i s  c o n c lu s io n  
t h a t  th e  fo llo w in g  ex p e rim en ta l d e s ig n  i s  b a se d ; namely th e  u se  o f  
p e r c o la te  from a  column f i l l e d  w i th  w a te rsh ed  to p s o i l  t o  e s t a b l i s h  a  
la b o ra to r y  model o f  T h u n d erb ird .
CHAPTER I I I
EXPERIMENTAL DESIGN
One o f  th e  more d i f f i c u l t  d e s ig n  problem s en c o u n te re d  in  la b o ra ­
to r y  m odels i s  th e  developm ent o f  a  method f o r  m a in ta in in g  th e  m odel. 
H ere , "m a in ta in in g  th e  m odel" means keep in g  th e  model dynamic -  m ain­
t a in in g  a  " l iv in g "  system . J u s t  as l a k e ,  s tre a m , o r  impoundment system s 
shou ld  no t be th o u g h t o f  as b e ing  s t a t i c ,  n e i t h e r  sh o u ld  th e  la b o ra to ry  
m odels t h a t  a t te m p t to  s im u la te  them . A ccord ing  to  Holm-Hansen ( l l ) ,  
in  h is  d is c u s s io n  o f  n u t r i e n t  enrichm ent e x p e r im e n ts , when a w a te r  
sample i s  p la c e d  i n  a  b o t t l e  o r  c o n ta in e r  and th e  assum ption  i s  made 
t h a t  what i s  found in  th e  b o t t l e  i s  t r u e  i n  th e  l a k e ,  th e  assum ption  i s  
u s u a l ly  n o t v a l id .  As m en tioned  in  C hap ter 1 ,  th e  n u t r i e n t  su p p ly  t o  a 
n a tu r a l  system  i s  c o n t in u a l ly  b e in g  r e p le n is h e d  by a  number o f  r o u t e s . 
However, n o t o n ly  n u t r i e n t s ,  b u t a l l  c o n s t i tu e n t s  i n  a  n a tu r a l  system  
such  as an impoundment a r e  c o n t in u a l ly  b e in g  r e p le n is h e d ,  c y c le d , o r  
changed in  form . In  th e  c a se  o f  im poundm ents, th e  c o n t r o l l i n g  e f f e c t s  
o f  such f a c to r s  a s  b a s in - ty p e ,  c l im a te ,  and lo c a t io n  ( to  name j u s t  a  
few) must be c o n s id e re d . Such c o n t ro l l in g  f a c to r s  n o t o n ly  can de­
te rm in e  what p a r t i c u l a r  r e a c t io n s  o c c u r , th e y  l a r g e ly  in f lu e n c e  th e  
r a t e  a t  w hich th e y  o c c u r . To add to  th e  c o m p le x ity , c o n s id e r a t io n  
m ust be g iven  to  th e  n a tu re  o f th e  s o u rc e (s )  a v a i la b le  to  th e
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impoundment— s o u rc e s  re s p o n s ib le  f o r  a  p a r t i c u l a r  im poundm ent's 
b io l o g ic a l  and chem ical i d e n t i t y —i t s  w a te r  q u a l i t y .
F ig u re  5 r e p re s e n ts  an a ttem p t t o  s im p l ify  an impoundment sy stem . 
U n lik e  many su ch  d iag ram s, no a ttem p t i s  made h e re  t o  d e p ic t  s p e c i f i c s .  
I n s te a d ,  f o r  p u rp o ses  o f  s im p l i f i c a t io n ,  b ro a d ,  in c lu s iv e  te rm in o lo g y  
h as  been  u se d ; h o p e fu lly  such te rm in o lo g y  w i l l  in c lu d e  any s p e c i f i c  
a r e a  o f  c o n ce rn . Such s im p l i f ic a t io n  a llo w s th e  e n t i r e  impoundment 
sy stem  to  be  th o u g h t o f  in  te rm s o f  su b sy s tem s . Thus as shown in  
F ig u re  5 , th e  impoundment system  i s  com prised  o f  h subsystem s: so u rces  
l o s s e s ,  im poundment, and c o n t ro l s .
The so u rc e s  subsystem  re p re s e n ts  a l l  w a te rs  and c o n s t i tu e n ts  
a v a i l a b l e  t o  th e  impoundment. R a in f a l l  r e p r e s e n ts  th e  m ajo r form o f 
p r e c i p i t a t i o n  i n  many a r e a s ,  e s p e c ia l ly  in  th e  so u th w es t. R a in f a l l  
d i r e c t l y  on th e  impoundment p ro v id es  b o th  w a te r  and any m a te r ia ls  d i s ­
so lv e d  o r  p h y s ic a l ly  tra p p e d  in  th e  r a in d ro p s .  R a in f a l l  on th e  w a te r­
shed  can p ro v id e  a trem endous v a r ie ty  o f  m a te r ia ls  to  th e  impoundment, 
b o th  n a tu r a l  and man-made. N a tu ra l c o n s t i tu e n t s  in  w a te r s h e d - r a in f a l l ­
ru n o f f  in c lu d e  suspended  m a te r ia ls  such as c l a y , s a n d , s i l t ,  and l i v in g  
o rg an ism s, and d is s o lv e d  m a te r ia ls  t h a t  can in c lu d e  v i r t u a l l y  every  
e lem en t known. Man-made c o n s t i tu e n ts  can  in c lu d e  f e r t i l i z e r s ,  p e s t i ­
c i d e s ,  and a  l a r g e  v a r ie ty  o f  s y n th e t ic  conroounds. Groundwater can 
o f te n  be a so u rc e  o f  i r o n ,  m anganese, and o th e r  m a te r ia ls  in  th e  r e ­
duced s t a t e ,  due to  th e  low redox  p o t e n t i a l  o f  such  w a te r s .  W aste­
w a te r s  from m u n i c i p a l i t i e s , i n d u s t r i e s , and power g e n e ra tin g  s t a t io n s  
have had d i s a s t r o u s  e f f e c t s  on some im poundm ents.
The lo s s e s  subsystem  r e p re s e n ts  a l l  w a te rs  and c o n s t i tu e n ts  t h a t
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can be l o s t  from th e  impoundment. L osses from  an impoundment can be 
divided, in to  c o n c e n tra t in g  lo s s e s  such  as e v a p o ra tio n  and  t r a n s p i r a t io n ,  
and n o n -c o n c e n tra tin g  lo s s e s  such as d is c h a rg e ,  se e p a g e , and dom estic 
and i n d u s t r i a l  su p p ly .
I n  t h i s  d iag ram , th e  impoundment i s  v iew ed as a r e a c to r  on th e  
so u rces  a v a i la b le  to  i t .  As m a te r ia ls  e n te r  th e  impoundment th e y  a re  
in v o lv e d  in  v a r io u s  ch e m ic a l, p h y s ic a l ,  and b io lo g ic a l  i n t e r a c t i o n s .  
These in t e r a c t io n s  in v o lv e  a l l  phases o f  th e  impoundment in c lu d in g  the 
d is s o lv e d  p h a se , th e  suspended p h ase , and th e  sed im en t p h a se . Although 
s e p a ra te  ch em ica l, p h y s ic a l ,  and b io lo g ic a l  p a ram ete rs  a r e  always 
ch an g in g , th e s e  p a ram ete rs  i n t e r a c t  to  produce an o v e r a l l  s te a d y - s ta te  
e f f e c t  th a t  changes s low ly  w ith  tim e.
The impoundment system  diagram  a l s o  l i s t s  c e r t a in  c o n t r o l  fa c to rs . 
These f a c to r s  r e p r e s e n t  once aga in  an a tte m p t a t  s im p l i f i c a t io n — a broad 
c a te g o r iz a t io n  o f  a l l  th e  e x te r n a l  env iro n m en ta l f a c to r s  t h a t  se rv e  as 
c o n t ro ls  over th e  whole impoundment system . Thus such f a c to r s  n o t only 
d i r e c t l y  c o n t ro l  th e  n a tu re  and r a t e  o f  r e a c t io n s  w i th in  th e  impoundment 
r e a c to r  b u t a ls o  i n d i r e c t l y ,  th ro u g h  t h e i r  e f f e c t  on th e  so u rces  and 
lo s s e s  su b sy s tem s . I t  sh o u ld  be  p o in te d  o u t t h a t  a  c o n t ro l  f a c to r  can 
he  in v o lv e d  in  v a r io u s  com binations w ith  o th e r  c o n t ro l  f a c to r s  to  p ro ­
duce an e f f e c t  on th e  sy stem . For exam ple, c l im a te  may cau se  changes 
i n  th e  w a te r  e l e v a t io n  th ro u g h  i t s  c o n t ro l  o v e r so u rces  ( r a i n f a l l )  and 
lo s s e s  (e v a p o ra t io n ) .  Yet man can r e g u la te  s u r fa c e  e le v a t io n  by regu­
l a t i n g  th e  r a t e  o f  d is c h a rg e . F u rth e rm o re , b a s in - ty p e  and shape con tro l 
th e  amount o f  s u r fa c e  a re a  change c o rre sp o n d in g  to  change in  s u r fa c e  
e le v a t io n .  W indborne m a te r ia ls  from o u ts id e  th e  w a te rsh e d  in d ic a te  the
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in f lu e n c e  o f  c l im a te  on th e  n a tu re  o f  so u rces  a v a i la b le  to  th e  impound­
m ent.
In  th e  ca se  o f  th e  Lake T hunderb ird  system , i t  i s  p o s s ib le  to  
s im p l ify  F ig u re  5 even f u r t h e r .  As m entioned in  C h ap te r I I ,  groundw ater 
and w astew ate r a re  n o t known to  be  s ig n i f i c a n t  so u rces  o f  in p u t to  
T h u n d erb ird . I t  was th e r e f o r e  concluded  th a t  r a in f a l l - w a te r s h e d -  
r u n o f f  i s  th e  m ajo r so u rce  o f  w a te rs  and c o n s t i tu e n ts  to  t h e  r e s e r v o i r .  
A lso , as was shown i n  T ab le  5 , e v a p o ra tio n  and dom estic  and  i n d u s t r i a l  
su p p ly  a re  th e  m a jo r lo s s e s  from  T hunderb ird .
U t i l i z i n g  th e  b e l i e f  t h a t  r a in w a te r  can le a c h  and wash a  la rg e  
v a r i e ty  o f  m a te r ia l s  and l i v i n g  organism s from th e  s o i l ,  p e r c o la t io n  
column e f f lu e n t  was u sed  to  s im u la te  T hunderb ird  r a in f a l l - w a te r s h e d -  
r u n o f f . In  c o n t r a s t  to  th e  te c h n iq u e s  o f  o th e r  i n v e s t i g a t o r s ,  no 
n a tu r a l  ( la k e )  w a te r  was u se d  in  t h i s  ex p erim en ta l d e s ig n . In s te a d ,  
th e  e f f lu e n t  from  th e  p e r c o la t io n  column was r e t a in e d ,  a llo w e d  to  change 
w ith  tim e , and c e r t a i n  w a te r  q u a l i ty  param eters  compared w ith  Thunder­
b i r d .  Thus th e  co n cep t o f  p e r c o la t io n  columns as d e s c r ib e d  by B r ic k e r ,  
e t  a l .  ( l 6 )  was u se d  as an i n t e g r a l  component i n  t h i s  e x p e rim e n ta l 
d e s ig n . In  o th e r  w o rd s , th e  e f f lu e n t  from  such columns was used  to  
" fe e d "  a  model impoundment— t o  c o n tin u o u s ly  supply  what was b e lie v e d  to  
be  a  n a tu r a l  so u rce  o f  w a te rs  and c o n s t i tu e n ts .  B ecause s o i l  i s  an 
im p o rta n t so u rce  o f  v i ta m in s ,  n u t r i e n t s ,  and o th e r  m a t e r i a l s , and 
b ecau se  th e  column e f f lu e n t  c o n tin u o u s ly  r e p le n is h e s  th e s e  m a te r ia l s ,  
i t  was hoped t h a t  th e  la b o ra to r y  model o f  T hunderb ird  w ould be a dynamic 
sy stem . I t  was f e l t  t h a t  in c o rp o ra t io n  o f  th e  p e r c o la t io n  column phe­
nomenon in to  th e  e x p e r im e n ta l d es ig n  would a llow  a la b o ra to r y  model o f
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T h u n d erb ird  t o  be m a in ta in ed  o v er r e l a t i v e l y  long  p e r io d s  o f  tim e .
The e x p e rim e n ta l d esig n  used  in  t h i s  re s e a rc h  was d iv id e d  in to  
two p a r t s .  The concep t in v o lv ed  was e s s e n t i a l l y  th e  same in  each  p a r t .
The f i r s t  p a r t  was a  p re lim in a ry  in v e s t ig a t io n  o f  sm a ll p e r c o la ­
t i o n  colum ns. There were two o b je c tiv e s  in v o lv ed  in  t h i s  in v e s t ig a t io n .  
The f i r s t  o b je c t iv e  was to  d e term ine  i f  p e r c o la t io n  colum ns f i l l e d  w ith  
s o i l  from th e  Lake T hunderb ird  w ate rsh ed  behaved l i k e  th o s e  d e s c r ib e d  
by  B r ic k e r .  In  o th e r  w ords, d e term ine  i f  t h e  e f f lu e n t  from  such  columns 
was s im i la r  i n  q u a l i ty  to  T hunderb ird  w a te r ,  e s p e c ia l ly  column e f f lu e n t  
t h a t  had been  r e ta in e d  over a  p e r io d  o f  t im e . The second  o b je c t iv e  
a tte m p te d  to  d e te rm in e  w hether o r  n o t a  r e p r e s e n ta t iv e  s o i l  sam ple cou ld  
be  o b ta in e d  from  th e  T hunderb ird  w a te rsh ed . That i s , de te rm in e  i f  a  
column packed  w ith  s o i l  from one lo c a t io n  i n  th e  w a te rsh e d  had an e f ­
f lu e n t  s im i la r  in  q u a l i ty  to  th e  e f f lu e n t  o f  a  column f i l l e d  w ith  s o i l  
from  a n o th e r w a te rsh e d  lo c a t io n .
Seven s o i l  sam ples were c o l le c te d  from  th e  T h u n d erb ird  w a te rsh e d  
in  J u ly  1968 from  lo c a t io n s  shown i n  F ig u re  6 .  Samples 3 and 5 w ere 
c o l le c te d  from  tim b e red  a r e a s ,  were dark  brown in  c o l o r ,  and w ere ap­
p ro x im a te ly  5 p e rc e n t by w e ig h t o rg an ic  m a te r i a l ,  as d e te rm in ed  by lo s s  
o f  w e ig h t upon i g n i t i o n  a t  600°C. The r e s t  o f  th e  sam ples were re d  in  
c o lo r ,  abou t 1 p e rc e n t by w eig h t o rg a n ic  m a te r ia l ,  and w ere c o l le c te d  
from  g ra s s la n d s ,  w ith  th e  ex cep tio n  o f  s a n p le  number 2 ,  w hich came from 
an ero d ed  a r e a .  A pproxim ately  53 grams o f each  sam ple w ere p la c e d  in  
sm a ll (L in c h e s  lo n g  by 7 /8  in c h  d iam ete r) g la s s  p e r c o la t io n  colum ns.
The columns w ere th e n  leach ed  w ith  a e r a te d  d i s t i l l e d  w a te r  ( s im u la te s  
r a i n f a l l )  and th e  e f f lu e n t  (s im u la te s  r a in f a l l - w a te r s h e d - r u n o f f )
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c o l l e c t e d  i n  l i g h t e d ,  a e r a te d ,  2000 ml h e a k e rs  ( s im u la te  impoundment) .  
Column number 3 and i t s  b e a k e r  w ere k e p t d a rk  in  o rd e r  to  r u l e  o u t th e  
e f f e c t s  o f  a l g a l  g row th . W ith t h i s  one e x c e p t io n ,  a l l  7 columns were 
s u b je c te d  t o  th e  same o p e r a t io n a l  and em riro rnnen ta l c o n d i t io n s .
The o b je c t iv e  o f  th e  second  p a r t  o f  t h e  e x p e rim e n ta l d e s ig n  was 
t o  e s t a b l i s h  a  co lum n-fed , lo n g  term  model o f  Lake T h u n d e rb ird . The 
e x p e r im e n ta l d e s ig n  u sed  i s  shown in  F ig u re  J.  A 2 0 -g a llo n  aquarium  
c o n ta in e d  c o n t in u a l ly  a e r a te d  d i s t i l l e d  w a te r  u sed  to  s im u la te  r a in ­
w a te r .  C ontinuous a e r a t io n  m a in ta in e d  th e  pH o f  th e  d i s t i l l e d  w a te r  a t  
ab o u t 6 . The ta n k  was s e a le d  w ith  a p le x ig la s  co v er and th e n  com ple te ly  
co v e re d  w ith  aluminum f o i l  t o  p re v e n t a lg a l  g row th . A p o r t  on to p  o f  
th e  ta n k  a llo w ed  a d d i t io n a l  d i s t i l l e d  w a te r  t o  be  added as n eeded . A 
p e r i s t a l t i c  pump was co n n ec ted  to  a  6 -h o u r t im e r ;  th e  le n g th  o f  tim e 
t h a t  th e  pump rem ained  on each  6 hours co u ld  b e  r e g u la te d .  When on , th e  
pump d e l iv e r e d  w a te r  to  th e  column a t  abou t 12 ml p e r  m in u te . The com­
p re s s e d  a i r  u se d  t o  a e r a te  th e  w a te r  was f i l t e r e d  th ro u g h  a  5 - in c h  c o t­
to n  p lu g . A c o t t o n - f i l l e d  v e n t lo c a te d  on to p  o f  th e  ta n k  a llo w ed  th e  
com pressed  a i r  to  e scap e . A lthough  th e  ta n k  was n o t assum ed t o  be com­
p l e t e l y  f r e e  o f  c o n ta m in a n ts , i t  was f e l t  t h a t  such a  d e s ig n  w ould 
l a r g e l y  red u ce  th e  amount o f  co n tam in a tio n  from  a irb o rn e  d u s t and 
b a c t e r i a .
The p e r c o la t io n  column u sed  was made o f  p le x ig la s  and was h - l / 2  
f e e t  lo n g  by 5 -3 /^  in c h es  in s id e  d ia m e te r . S o i l  f o r  th e  column was 
c o l l e c t e d  in  Ju n e  1969 from two s i t e s  in  th e  v i c i n i t y  o f  "S" shown in  
F ig u re  6 . One s o i l  was c o l le c te d  from a  g ra s s -c o v e re d  p r a i r i e ;  t h i s  
s o i l  was r e d ,  c o n ta in e d  a  la rg e  p e rc e n ta g e  o f  san d , and was abo u t
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1 p e rc e n t by w e ig h t o rg an ic  m a te r i a l .  The o th e r  s o i l  was c o l le c te d  
from  a  tim b ered  s i t e ;  t h i s  s o i l  was d a rk  brown in  c o lo r ,  appeared  to  be 
loam y, and was ab o u t 7 p e rc e n t by w e ig h t o rg a n ic  m a te r ia l .  An ap p ro x i­
m ate 50-50  com posite  o f  th e s e  two s o i l s  was p la c e d  in  th e  column to  a 
d e p th  o f  about 4 f e e t .  The column was co v ered  w ith  aluminum f o i l  to  
p re v e n t  e x c e ss iv e  a lg a l  grow th betw een  th e  s id e  o f  th e  column and th e  
s o i l .  An in v e r te d  fu n n e l d is p e r s e d  th e  d rops o f  d i s t i l l e d  w a te r  over 
t h e  s u r fa c e  o f th e  s o i l  and g ra s s  a t  th e  to p  o f  th e  column. A p le x i ­
g la s  p l a t e  a t  th e  bottom  o f th e  column s e rv e d  to  h o ld  th e  s o i l  in  
p l a c e .  O n e-e ig h th  in c h  d ia m e te r  h o le s  i n  th e  p la t e  a llow ed  th e  p assag e  
o f  e f f lu e n t  w a te r  and w ere a l s o  l a r g e  enough to  p e rm it some s o i l  wash­
o u t ,  th u s  p ro v id in g  a so u rce  o f  t u r b i d i t y  and sedim ent t o  th e  r e c e iv in g  
ta n k .  A gain , e f f lu e n t  from th e  column was u sed  to  s im u la te  r a i n f a l l -  
w a te r s h e d - ru n o f f .
A 2 0 -g a llo n  r e c e iv in g  ta n k  was u sed  to  s im u la te  th e  impoundment. 
The ta n k  was 2h in c h e s  long  by 1 2 -1 /2  in c h e s  wide by l 6 in ch es  deep. 
B e fo re  re c e iv in g  any column e f f l u e n t ,  th e  bo ttom  o f  th e  ta n k  was 
c o v e re d  w ith  th e  same com posite  s o i l  u se d  in  th e  column. The s o i l  was 
u se d  to  shape th e  bottom  o f  th e  ta n k  as shown in  F ig u re  7 . Three s e d i­
m ent t r a p s  were p la c e d  on th e  bo ttom  o f  th e  ta n k  f o r  f u tu r e  sed im ent 
a n a l y s i s .  Two 2 3 -in c h  W estinghouse " P la n t 'G ro "  f lu o re s c e n t  b u lb s  
co n n e c te d  to  a 12-h o u r t im e r  w ere u se d  to  su p p ly  l i g h t  to  th e  ta n k .
The b u lb s  were o r ie n te d  a lo n g  th e  lo n g  a x is  o f  th e  ta n k  and p ro v id ed  an 
i n t e n s i t y  o f  abou t 35 fo o tc a n d le s  a t  th e  w a te r  su rfa c e  when th e  ta n k  
w as f i l l e d  to  a d e p th  o f  9 in c h e s . A b la c k  p l a s t i c  c u r ta in  was p la c e d  
aro u n d  th e  ta n k  so  t h a t  th e  " P la n t-G ro "  b u lb s  were th e  o n ly  l i g h t
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so u rc e  t o  th e  ta n k . As v a t e r  b u i l t  up in  th e  ta n k , i t  was a e r a te d  
j u s t  under th e  s u r fa c e  a long  th e  lo n g  a x is  w ith  f i l t e r e d ,  com pressed 
a i r .
Room tem p era tu re  was h e ld  a t  ap p ro x im ate ly  d u r in g  th e  cou rse
o f  s tu d y  by c e n t r a l  h e a t in g  and c o o lin g .
W ith such an  e x p e rim e n ta l d e s ig n ,  i t  was p o s s ib le  t o  p e r io d i c a l ly  
m o n ito r th e  c o n c e n tra tio n  o f  v a r io u s  chem ical param eters in  th e  column 
e f f lu e n t  (so u rc e s )  and compare th e s e  to  c o n c e n tra tio n s  o f  th e s e  so u rces  
in  th e  re c e iv in g  ta n k .  Thus i t  was p o s s ib le  t o  gain some know ledge o f  
how th e s e  sources changed w ith  tim e a f t e r  "impoundment."
CHAPTER IV 
EXPERIMENTAL METHODS AND RESULTS
The r e s u l t s  o f  t h i s  re s e a rc h  have heen  d iv id e d  i n t o  s e v e ra l  
s e c t io n s  f o r  th e  pu rp o ses  o f  d is c u s s io n .  The o h j e c t i v e ( s ) , e x p e rim e n ta l 
m e th o d s , and r e s u l t s  w i l l  th e re fo re  he p re s e n te d  on a s e c t io n - h y - s e c t io n  
h a s i s .  The o v e r a l l  r e s u l t s  w i l l  th e n  h e  sum m arized and d is c u s se d  i n  
C h ap te r 5.
Sm all P e rc o la t io n  Columns
As m en tioned  e a r l i e r ,  th e  f i r s t  p a r t  o f  th e  e x p e rim en ta l d e s ig n  
in v o lv e d  th e  s tu d y  o f  sm a ll p e r c o la t io n  columns f i l l e d  w ith  s o i l  from  
T d i f f e r e n t  T hunderh ird  w ate rsh ed  lo c a t io n s .  The p rim ary  o b je c t iv e  of 
t h i s  s e c t io n  was to  g a in  some in s ig h t  in to  th e  b e h a v io r  o f  p e r c o la t io n  
columns in  t h i s  r e g io n . I t  was f e l t  t h a t  such  a  s h o r t- te rm  p re lim in a ry  
in v e s t i g a t io n  was needed b e fo re  p ro ceed in g  w ith  t h e  e x p e rim en ta l d e s ig n  
shown in  F ig u re  7 . In  p a r t i c u l a r ,  t h i s  s e c t io n  o f  s tu d y  was d es ig n ed  
t o  :
1 . Conduct a  p a ram ete r-b y -p a ra m ete r com parison  o f  column 
e f f lu e n t s  from each  o f  th e  7 s o i l  sam ple l o c a t i o n s .
2 . D eterm ine i f  column e f f lu e n t  r e t a in e d  o v er a  p e r io d  o f  tim e  
in  a  l i g h t e d ,  a e ra te d  2000-m l b e a k e r t h a t  i s  c o n t in u a l ly  
b e in g  f e d  by a d d i t io n a l  column e f f lu e n t  approaches Lake 
T h u n d e rb ird  in  w a te r  q u a l i ty .
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B efore f u r t h e r  d is c u s s io n ,  i t  shou ld  he  p o in te d  ou t t h a t  th e re  
a re  s e v e ra l  p rob lem s a s s o c ia te d  v i t h  such sm a ll (U in c h e s  lo n g  by 
7 /8  in c h  d ia m e te r)  colum ns. Such a  sm all sam ple s i z e  (53 grams o f  
s o i l  p e r  column) cannot be in te r p r e te d  as  b e in g  r e p r e s e n t a t i v e .
S econd ly , slow  p e r c o la t io n  r a t e s  in  sm all columns s e v e re ly  l i m i t  th e  
numbers and ty p e s  o f  an a ly se s  t h a t  can b e  p erfo rm ed . F u rth e rm o re , be­
cau se  c la y  p a r t i c l e s  te n d  to  sw e ll when in  c o n ta c t  w ith  w a te r ,  th u s  
o b s tru c t in g  flo w  th ro u g h  th e  column s o i l ,  i t  was a lm o st im p o ss ib le  to  
m a in ta in  th e  same flow  th ro u g h  a l l  colum ns. Due t o  th e  s w e ll in g  c la y  
p a r t i c l e s  and th e  s e t t l i n g  o f  s o i l  in  th e  colum ns, p e r c o la t io n  cou ld  
u s u a l ly  be m a in ta in e d  f o r  o n ly  abou t 30 d ay s . D e sp ite  th e s e  draw backs, 
i t  was f e l t  t h a t  u s e fu l  in fo rm a tio n  cou ld  b e  o b ta in e d  from such  a  s tu d y .
The fo llo w in g  p a ram eters  were chosen to  p e r io d i c a l ly  m o n ito r b o th  
th e  column e f f lu e n t s  and th e  2000-m l b e a k e r s .
1 . T o ta l D isso lv ed  S o lid s  (TDS) -  %-ron TDS m e te r .
2. pH -  P h o to v o lt expanded s c a le  pH m e te r .
3 . T u rb id i ty  -  Bausch and Lomb S p e c tro n ic  20 .
^ . T o ta l H ardness -  EDTA t i t r a t i o n  as  in  "S tan d a rd
M ethods." ( l 6 )
5 . D isso lv e d  o r th o -p h o sp h a te  (DOP) -  C o lo r im e tr ic ,  s tan n o u s
chloride-am m onium  m olybdate  as i n  "S tan d ard  
M ethods."
6 . A lk a l in i ty  -  V o lu m e tric , a s  in  "S tan d a rd  M ethods."
7 . Calcium  H ardness -  EDTA t i t r a t i o n  as in  "S tan d a rd  M ethods."
The above p a ram e te rs  w ere chosen f o r  s e v e ra l  r e a s o n s .  F i r s t ,
th e s e  p a ram e te rs  a re  u s u a l ly  in c lu d e d  in  any a tte m p t to  i d e n t i f y  chem­
i c a l  w a te r  q u a l i t y .  S econd ly , c e r t a in  o f  th e s e  p a ra m e te rs— e s p e c ia l ly  
pH, DOP, and a l k a l i n i t y — a re  known to  be in d ic e s  o f  b io l o g ic a l  t r e n d s .
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F in a l ly ,  Lake T hunderb ird  d a ta  f o r  a l l  th e s e  p a ram ete rs  i s  a v a i la b le  
from th e  l a s t  th r e e  y e a r s . K leh r ( 19 ) .
A d ro p -b y -d ro p  flow  o f  a e r a te d  d i s t i l l e d  w a te r was s t a r t e d  to  
a l l  sev en  colum ns. Samples were th e n  p e r io d i c a l ly  c o l le c te d  im m ediately  
from th e  columns and from th e  2000-ml r e c e iv in g  b e a k e r s . A nalyses 1-5 
w ere co n d u c ted  on a  ro u tin e  b a s i s ;  a n a ly se s  1-3  were conducted  m ost 
f r e q u e n t ly  b eca u se  th ey  a re  n o n -d e s tru c t iv e  t e s t s . F if ty -m l samples 
w ere u se d  f o r  t o t a l  hardness d e te rm in a tio n s  and 25-m l sam ples fo r  
DOP. Suspended m a te r ia l  was removed from  sam ples an a ly zed  f o r  DOP by 
c e n t r i f u g a t io n  f o r  20 m inu tes a t  15 ,000  rpm . A lk a l in i ty  and calcium  
h a rd n e ss  w ere de term ined  on 50_ml sam p le s , and in  t h i s  phase  o f th e  
w ork, a n a ly s e s  w ere conducted on a  v e ry  in f re q u e n t b a s is  . Magnesium 
h a rd n ess  was de te rm in ed  by s u b t r a c t in g  ca lc iu m  hardness  from t o t a l  
h a rd n e s s .
R e s u lts  from  th e  30-day s tu d y  a re  shown in  F ig u re s  8 , 9 ,  10 , 11 , 
and 12. These g raphs were drawn so t h a t  a l l  seven s o i l  columns and 
r e c e iv in g  b e a k e rs  cou ld  be compared on a  p a ram e te r-b y -p a ra m e te r  b a s i s . 
"B eaker" (impoundment) r e p re s e n ts  d a ta  ta k e n  from th e  2000-ml b e a k e rs . 
"Column" r e p r e s e n t s  d a ta  from  sam ples ta k e n  from th e  column e f f l u e n t s .
A l l  colum n, and th e re f o r e  b e a k e r ,  w a te rs  were i n i t i a l l y  h ig h ly  
tu r b id  and u r in e - c o lo re d .  T h is  i n i t i a l  c o lo r  made th e  f i r s t  few 
c o lo r im e t r ic  (DOP) an a ly ses  d i f f i c u l t .  B lanks were used  to  h e lp  
p a r t i a l l y  c o r r e c t  f o r  th e  c o lo r  i n t e r f e r e n c e .  Column c o lo r  had u s u a l ly  
d isa p p e a re d  a f t e r  U-5 d ay s. C olor i n  th e  b eak e rs  had u s u a l ly  d is ­
ap p ea red  by 5-6  d ay s . High t u r b i d i t y  v a lu e s  made a l l  a n a ly se s  d i f f i ­
c u l t ,  in c lu d in g  pH.
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A quatic  o rgan ism s w ere n o tic e d  i n  a l l  b e a k e rs  ex ce p t number 3 by 
day 13. As m entioned  e a r l i e r ,  b eak e r number 3 and i t s  column w ere k ep t 
u n d er c o n t in u a l  b la c k o u t c o n d i t io n s . B lu e -g re e n  a lg a e  had  grown p r i ­
m a r i ly  on th e  s id e s  and bo ttom s o f th e  b e a k e r s .  Green a lg a e ,  c i l i a t e s ,  
and r o t i f e r s  w ere th e  m ost abundant organ ism s s e e n .
Column and b e a k e r  TDS r e s u l t s  f o r  a l l  s o i l s  a re  shown in  F ig u re  8 . 
An i n i t i a l  " s lu g "  e f f e c t  (up  to  750 mg/1 f o r  s o i l  number 7) i s  shown 
f o r  a l l  column e f f lu e n t s  w ith  th e  e x c e p tio n  o f  s o i l  number 1 , from 
w hich no ze ro -d ay  TDS d a ta  i s  a v a i la b le .  W ith th e  e x c e p tio n  o f  s o i l  
number 5 , column e f f lu e n t  e q u ilib r iu m  usualL y  had  been  ach iev ed  by th e  
tim e  th e  second a n a ly se s  w ere p erfo rm ed , u s u a l ly  on day 1 . This s lu g  
e f f e c t  w i l l  be d is c u s s e d  f u r t h e r  in  a  l a t e r  s e c t io n .  As can be seen , 
column e f f lu e n t  d a ta  rem ained  e s s e n t i a l l y  c o n s ta n t  f o r  a l l  columns from 
day 2 th ro u g h  day 30. As m entioned e a r l i e r ,  a l l  b e a k e rs  were a e ra te d  
j u s t  u n d er th e  w a te r  s u r f a c e ;  how ever, a l l  b e a k e rs  were n o t a e ra te d  a t 
t h e  same r a t e .  Thus c o n c e n tra t io n  in  th e  b e a k e rs  due to  e v a p o ra tio n  is  
d i f f e r e n t  f o r  a l l  sev en  b e a k e rs  as shown in  F ig u re  8 . T able  6 shows 
th e  mean (X) and th e  number o f  o b se rv a tio n s  (N) on w hich th e s e  means 
w ere de te rm in ed . The number o f  o b se rv a tio n s  u se d  depended upon th e  
p e r io d  o f  tim e  f o r  w hich e q u ilib r iu m  c o n d i t io n s  were assumed: u s u a l ly
day 2 to  day 30. Due to  th e  l im ite d  number o f  o b s e rv a t io n s ,  l i t t l e  
s ig n i f i c a n c e  can be a t ta c h e d  to  any s t a t i s t i c a l  i n t e r p r e t a t i o n  o f  th e  
p a ra m e te rs . N o n e th e le s s , T ab le  6 shows th a t  mean TDS v a lu e s  in  th e  
b e a k e rs  a re  a l l  l a r g e r  th a n  mean v a lu e s  f o r  th e  co rre sp o n d in g  column 
e f f l u e n t s ,  th u s  r e f l e c t i n g  th e  e f f e c t  o f  e v a p o ra tio n .
Column and b e a k e r  pH v a lu e s  a re  shown in  F ig u re  9 • H ighly  e r r a t i c
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TABLE 6
MEAN COLUMN AND BEAKER VALUES FOR SOILS FROM 
SEVEN THUNDERBIRD WATERSHED LOCATIONS
TDS
Column B eaker
Æ .
T o ta l
H ardness DOP TDS
T o ta l
H ardness DOP
_N _N X _N _X _N X S o i l  No. J i _X J l X _N _N X
15 26 8 T .1+ 5 15 12 0 .5 6 1 l 6 1+6 8 7 .7 6 23 8 0 .8 8
13 23 11 T .3 5 2k 10 0 .3 8 2 10 66 10 7 .7 6 2 l+ 8 0 .8 7
18 3h 16 7 .6 6 25 6 0 .3 9 3 17 1+0 i 6 7 .7 6 20 6 1 .0 3
IT 29 12 7 .5 6 20 6 0 . 1+2 1+ 10 1+5 11 7 .7 7 21 7 0 .8 5
l 6 51 18 8 .0 5 21 6 0 .5 8 5 17 8o 17 7 .6 5 23 10 0 .6 0
17 h2 18 7.»+ 9 l 6 k 0 .50 6 13 63 l 6 8 .1 9 26 8 1 .3 7
IT 15 15 7 .1 6 10 8 0 .2 3 7 l 6 23 l 6 7.1+ 8 13 9 0 .3 8
V/1w
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re a d in g s  p re v e n te d  z e ro -d ay  column pH d e te rm in a tio n s  from  b e in g  ta k e n . 
Such in t e r f e r e n c e  co u ld  have been  due to  charged  c la y  p a r t i c l e s  a n d /o r  
a  low  b u f f e r  c o n te n t  o f  th e  e f f lu e n t  w a te r . Column e f f lu e n t  from  s o i l  
number 1 showed an  in c re a s e  w ith  tim e  from a v a lu e  o f  6 .7  a t  day 2 to  a  
v a lu e  o f  7 .5  a t  day 30 . E f f lu e n t  from  so il-c o lu m n  number 2 had  a  v a lu e  
o f  6 .8  a t  day 2 and  s t e a d i l y  in c re a s e d  to  7 .7  by day 30 . Column 
number 3 had  an i n i t i a l  v a lu e  o f  8 .1 ;  th e  pH s ta y e d  f a i r l y  c o n s ta n t 
t h e r e a f t e r ,  h av in g  a  v a lu e  o f  7 -5  a t  day 2 and a v a lu e  o f  1 . 2  a t  day 
3 0 . The i n i t i a l  column v a lu e  o f  s o i l  number U was 8 .0  and dropped to  
6 .8  a t  day 2 , and th e n  s t e a d i l y  in c re a s e d  to  a  v a lu e  o f  7 .9  a t  day 30. 
The e f f lu e n t  f o r  s o i l  number 5 was f a i r l y  c o n s ta n t ,  hav ing  an i n i t i a l  
pH o f  8 .1 ,  a d ay -2  pH o f  7 .8 ,  and a  day-30 pH o f  8 .0 .  The e f f lu e n t  
from  column number 6 a l s o  s ta y e d  r e l a t i v e l y  c o n s ta n t  w ith  t im e ; th e  
i n i t i a l  pH was 8 .2 ,  th e  v a lu e  a t  day 2 was 7 .3 ,  and  th e  pH a t  day 30 
was 7 . 5 . U n lik e  th e  o th e r  e f f l u e n t s ,  column number 7 in c re a s e d  from 
th e  z e ro -d a y  re a d in g  o f  6 .5  to  7 -^  a t  day 2 ; from  day 2 th e  v a lu e  de­
c l in e d  to  a  pH o f  7 .0  on day 30.
The b e a k e r pH v a lu e  f o r  s o i l  number 1 c lim bed  a t  a  h ig h e r  r a t e  
th a n  th e  e f f l u e n t ,  go ing  from  a  pH o f  6 .7  a t  day 1 to  a  pH o f  8 .1  a t
day 3 0 . The pH v a lu e  o f  b e a k e r  number 2 a ls o  clim bed a t  a h ig h e r  r a t e
th a n  i t s  co rre sp o n d in g  colum n, g o in g  from  a  v a lu e  o f  6 .8  a t  day 1 t o  a  
v a lu e  o f  8 .3  by  day 30 . The r e a d in g  f o r  b e a k e r  number 3 was f a i r l y  
c o n s ta n t ;  th e  v a lu e  a t  day 2 was 7 .8  and a t  day 3 0 , 1 . 6 .  The pH fo r  
b e a k e r  number h c lim bed  a t  about th e  same r a t e  as i t s  colum n, going  
from a  v a lu e  o f  6 .8  a t  day 1 to  8 .2  a t  day 30 . B eaker number 5 i s  th e
o n ly  case  w here t h e  pH rem ained  a t  a  low er v a lu e  th a n  t h a t  o f  th e
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e f f lu e n t  i t  v as  r e c e iv in g .  The pH f o r  "beaker number 5 v a s  7 -3  a t  day 
2 and J . 6  a t  day 30 . B eaker number 6 had a  pH o f  J.6  a t  day 2 •vÆdch 
rem ained  f a i r l y  c o n s ta n t u n t i l  day 17 ; a f t e r  day 17 th e  v a lu e  in c re a se d  
t o  8 .7  on day l 8 and 8 .8  by day 3 0 . B eaker number 7 h ad  a  pH o f  7 .^  on 
day 2 and rem ained  f a i r l y  c o n s ta n t  u n t i l  a f t e r  day 25 , v h e re  i t  in ­
c re a se d  t o  7 .8  by day 30 . T ab le  6 shovs th e  column and b e a k e r  mean pH 
v a lu e s .  As can be  seen , in  a l l  s e tu p s  ex ce p t number 5 ,  th e  b e a k e r  mean 
pH v as  g r e a t e r  th a n  th a t  o f  th e  co rre sp o n d in g  column.
F ig u re  10 shovs th e  r e s u l t s  from  t o t a l  hardness d e te rm in a tio n s .
Due t o  th e  la r g e  sample s i z e  r e q u ir e d  and b ecau se  th e  t e s t  i s  d e s tru c ­
t i v e ,  r e l a t i v e l y  fe v  d e te rm in a tio n s  v e r e  made. E f f lu e n t r e s u l t s  r e v e a l 
t h a t  columns 1 , 2 , It, and 6 e x h ib i t  a  " s lu g "  e f f e c t  s im i la r  to  t h a t  en­
c o u n te re d  v i t h  TDS. Most column e f f l u e n t s  rem ained a t  a f a i r l y  c o n s ta n t 
t o t a l  h a rd n ess  a f t e r  day 2. H ovever, as  in  th e  case  o f  TDS, most 
b e a k e r  v a lu e s  ro s e  above th e  c o rre sp o n d in g  column v a lu e s  due to  concen­
t r a t i o n  by  e v a p o ra tio n  ( s e e  T ab le  6 ).
D isso lv ed  o r th o -p h o sp h a te  (DOP) v a lu e s  f o r  th e  7 columns and 
b e a k e rs  a re  shovn in  F ig u re  11. Column DOP v a lu es  in d i c a te  a  " s lu g "  
e f f e c t  f o r  t h i s  p a ra m e te r . However, w hereas t h i s  e f f e c t  was o f  sh o rt 
d u ra tio n  f o r  TDS and t o t a l  h a r d n e s s , th e  s lu g  e f f e c t  f o r  DOP appeared 
t o  be o f  a  lo n g e r  d u r a t io n . Column v a lu e s  a f t e r  day 2 w ere f a i r l y  con­
s t a n t  o r shoved a  s l i g h t  d e c re a se  v i t h  t im e . U nlike t h e  t r e n d s  e s ­
ta b l i s h e d  w ith  th e  p rev io u s  p a ra m e te r s , b e a k e r  DOP v a lu e s  ap p ea red  to  
d e c re a se  w ith  tim e . B eaker v a lu e s  from  s o i l s  1 ,  2 , 5 , and 7 dropped 
below  th e  DOP c o n c e n tra t io n s  f o r  th e  c o rre sp o n d in g  column e f f lu e n t s .
T hat a lg a l  c e l l s  ta k e  up DOP is  w e ll  docum ented and co u ld  accoun t fo r
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th e  drop in  DOP in  th e  h e a k e rs .  As can h e  seen  i n  F ig u re  1 1 , th e  num­
b e r  3 h e a k e r DOP c o n c e n tra tio n  rem ained  f a i r l y  c o n s ta n t a f t e r  day 10 .
As n o te d  e a r l i e r ,  no a lg a l  g row th  developed  in  h e a k e r ntnnher 3 , due t o  
th e  c o n t in u a l  b la c k o u t c o n d itio n s  ; t h i s  cou ld  e x p la in  why th e  DOP con­
c e n t r a t i o n  in  th e  h eak e r d id  n o t d e c re a se  in  t h i s  c a se . As can he seen  
i n  F ig u re  11 and T able 6 , s o i l  le a c h e d  w ith  d i s t i l l e d  w a te r  p ro v id es  
c o n s id e ra b le  q u a n t i t i e s  o f  DOP.
F ig u re  12 shows t u r b i d i t y  r e s u l t s  f o r  th e  7 columns and h eak e rs  
in  Jack so n  T u rb id i ty  U n its  (jT U ). A s tu d y  o f  th e  e f f lu e n t s  re v e a ls  
once a g a in  a  " s lu g "  e f f e c t .  F u r th e r  s tu d y  o f  th e  e f f lu e n t  d a ta  f o r  th e  
v a r io u s  s o i l s  in d ic a te s  t h a t ,  a lth o u g h  e r r a t i c ,  th e  t u r b i d i t y  re a d in g s  
ap p ro ach  a  c o n s ta n t  v a lu e  w ith  t im e . The flow  o f  d i s t i l l e d  w a te r  to  
column 5 was s to p p ed  f o r  two days and th e n  s t a r t e d  a g a in . As can be 
s e e n , th e  t u r b i d i t y  in  th e  column e f f lu e n t  in c re a s e d  to  4^0 JTU a f t e r  
th e  flow  to  th e  column was in t e r r u p te d .  The b e a k e r d id  n o t respond  t o  
t h i s  in c re a s e d  t u r b i d i t y  from th e  colum n, p ro b ab ly  because  th e  volume 
o f  e f f l u e n t  t h a t  reac h ed  th e  b e a k e r  a f t e r  sam pling  was sm a ll.  F ig u re  
12 f u r t h e r  in d ic a te s  th a t  m ost b e a k e r  JTU v a lu e s  rem ained  c o n s ta n t o r  
d e c re a se d  w ith  tim e . The c h e e se c lo th  t h a t  h e ld  th e  s o i l  i n  p la c e  in  
th e  columns te n d e d  to  r o t  as  tim e  p a s s e d , th u s  cau s in g  e r r a t i c  column 
r e a d in g s .  A lso , th e  need to  change th e  flo w  r a t e  to  some o f  th e  columns 
b eca u se  th e y  w ere s to p p in g  up u n d o u b ted ly  caused  e r r a t i c  t u r b i d i t y  
r e a d in g s . For th e s e  r e a s o n s , no mean t u r b i d i t y  v a lu e s  a re  g iven  in  
T ab le  6 . I t  sh o u ld  be p o in te d  o u t ,  how ever, t h a t  th e  b e a k e r  t u r b i d i t y  
v a lu e s  w ere u s u a l ly  l e s s  th a n  100 JTU d e s p i te  m ixing  caused  by c o n tin u a l  
a e r a t io n .  T h is i s  in  th e  ran g e  o f  t u r b i d i t y  v a lu e s  found in  Lake 
T h u n d e rb ird .
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E x p erim en ta l work v a s  te rm in a te d  on a l l  s e tu p s , w ith, th e  excep­
t i o n  o f  se tu p  numher 1 ,  on day 3 0 . Column numher 1 c o n t in u a l ly  had a 
g r e a te r  p e r c o la t io n  r a t e  th a n  th e  o th e r  columns an d , c o n se q u e n tly , th e r e  
was more w a te r in  beaker number 1 by day 3 0 , T h e re fo re ,  th e  b eak e r 
phase from  s o i l  number 1 was a llow ed  to  c o n c e n tra te  by e v a p o ra tio n  fo r  
an a d d i t io n a l  35 days. D uring  t h i s  t im e , th e  b e a k e r was c o n t in u a l ly  
a e r a te d  j u s t  u n d er th e  s u r f a c e .  A "P lan t-G ro "  b u lb  fu rn is h e d  l i g h t  to  
th e  b e a k e r  12 h o u rs  p e r  d ay . No a n a ly se s  were conducted  d u rin g  t h i s  
p e r io d  in  o rd e r t o  conserve  w a te r .  By day 65» th e  TDS had  in c re a s e d  
from 80 m g/l to  210 m g /l. F u r th e r  a n a ly s is  a t  t h i s  p o in t  y ie ld e d  th e  
r e s u l t s  shown in  T able 7.
TABLE 7
WATER QUALITY OF BEAKER NUMBER 1 AT DAY 65
pH 8 .5
A lk a l in i ty l 60 m g /l as CaCO^
T o ta l Hardness l6 4  m g /l as CaCOg
Calcium H ardness 8^ m g/l as CaCOg
Magnesium H ardness 86 m g /l as CaCOg
DOP 0.12  m g /l as P hosphate
I f  th e  r e s u l t s  o f  T ab le  7 a re  compared to  th e  v a lu e s  found in  
T able 3 ,  page 2 3 , i t  can b e  seen  t h a t  th e  pH and DOP v a lu e s  o f b eak e r 
number 1 compare fa v o ra b ly  w ith  th o s e  o f  T hun d erb ird . F u rth e rm o re , i f  
TDS i s  u sed  as an index  o f  com parison  betw een th e  two sy s te m s , th e n  th e  
r a t i o  o f  T hunderb ird  TDS t o  b e a k e r  TDS (.250/210) m u l t ip l ie d  by b eak e r 
v a lu e s  y ie ld s  an a l k a l i n i t y  o f  190 m g /l ,  a  t o t a l  h a rd n e ss  o f  195 m g /l, 
a ca lc iu m  hardness o f 100 m g / l ,  and a magnesium h a rd n e ss  o f  102 m g /l. 
A lthough such r a t i o s  must be  used  w ith  a g re a t  d e a l o f  c a u t io n ,  i t  can
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be seen— a t  l e a s t  in  t h i s  in s ta n c e —t h a t  th e  b e a k e r  v a lu e s  compare 
fa v o ra b ly  w ith  T ab le  3 a f t e r  b e ing  m o d ified  by  th e  TDS r a t i o .  The 
u se  o f  TDS as a  com parison in d ex  w i l l  be d is c u s s e d  in  more d e t a i l  i n  a 
l a t e r  s e c t io n .
T here  a re  s e v e ra l  co n c lu sio n s  drawn from  th e  sm all-colum n phase 
o f  t h i s  r e s e a r c h .  F i r s t ,  p e r c o la t io n  columns in  t h i s  a r e a  do behave as 
d e s c r ib e d  by B r ic k e r .  That i s  TDS, t o t a l  h a rd n e s s ,  and DOP column 
e f f lu e n t  c o n c e n tra t io n s  rem ained  c o n s ta n t w ith  t im e . S econd ly , mean 
column v a lu e s  f o r  each  p a ram ete r ap p ea r rem arkab ly  s im i la r  c o n s id e r in g  
o n ly  seven  r a th e r  sm all s o i l  samples were u sed  from  an a r e a  o f  256 
sq u are  m i le s .  I t  a ls o  seemed ap p a re n t th a t  e f f l u e n t  w a te rs  r e ta in e d  in  
b e a k e rs  undergo many o f  th e  same changes t h a t  o ccu r when s tream  w a te rs  
a re  im pounded. B eaker w a te rs  showed an  in c re a s e  in  pH w ith  tim e th a t  
seem ed, a t  l e a s t  p a r t i a l l y ,  to  b eg in  w ith  th e  e s ta b lis h m e n t o f  a lg a l  
g row th . There was a re d u c tio n  o f  c o lo r  and t u r b i d i t y  in  a l l  b e a k e rs ; 
TDS, ca lc iu m  h a rd n e s s ,  and magnesium h ard n ess  in c re a s e d  due to  concen­
t r a t i o n  by e v a p o ra tio n . There was a l s o  an in c re a s e  in  b e a k e r  a l k a l i n i t y  
t h a t  co u ld  have been  due in  p a r t  to  c o n c e n tr a t io n  by e v a p o ra tio n . There 
was an o b serv ed  d ec rease  in  b eak e r DOP, p o s s ib ly  due to  a l g a l  up take  o r 
chem ica l p r e c i p i t a t i o n .  F in a l ly ,  r e s u l t s  o f  a n a ly se s  o f b eak e r number 1 
on day 65 in d i c a te  t h a t  column fe d  system s do approach  Lake T hunderbird  
i n  w a te r  q u a l i t y —a t  l e a s t  f o r  th e  p a ram ete rs  m easured .
On th e  b a s i s  o f  th e se  r e s u l t s , work was begun on th e  la rge-co lum n 
system  shown in  F ig u re  7.
L ab o ra to ry  Impoundment Model
On June 1 9 , 1969, th e  flow  o f d i s t i l l e d  w a te r  to  th e  column shown
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in  F ig u re  7 v a s  i n i t i a t e d .  More f re q u e n t an a ly se s  and a d d i t io n a l  param­
e t e r s  w ere p o s s ib le  i n  t h i s  p hase  o f  th e  work due t o  th e  l a r g e r  e f f lu e n t  
and ta n k  volum es. In  a d d i t io n  to  th e  7 p a ram ete rs  l i s t e d  on page U5 , 
th e  fo llo w in g  p a ra m e te rs  were in c o rp o ra te d  in to  th e  s tu d y .
1 . D isso lv e d  to ta l - p h o s p h a te  (DTP) -  H y d ro ly s is  a c h ie v e d  by 
p la c in g  c e n t r i f u g e d  sam ples in  a u to c la v e  a t  121°C f o r  15 
m in u te s . Samples th e n  an a ly zed  by same p ro c e d u re  u sed  f o r  
DOP d e te rm in a t io n s .
2. D is so lv e d  oxygen (DO) -  Azide m o d if ic a t io n  o f  lo d o m e tric  
m ethod as  in  "S tan d a rd  M ethods." A lso , P r e c is io n  S c i e n t i f i c  
G alvan ic  C e l l  Oxygen A n aly ze r.
3 . F iv e -d a y  B iochem ical Oxygen Demand (BOD) -  As in  "S tan d ard  
M ethods."
C h lo rid e  -  M ercu ric  N i t r a t e  t i t r a t i o n  as in  "S ta n d a rd  
M ethods."
5 . Manganese -  P e r io d a te  method as in  "S tan d a rd  M ethods."
6 . I ro n  -  P h e n a n th ro lin e  method as in  "S tan d a rd  M ethods."
7 . T o ta l  S o lid s  -  G rav im e tric  as in  "S tan d ard  M ethods."
8. Carbon -  F & M Model I 8 5 , C,H,N A n a ly ze r.
9 . N itro g e n  -  F & M Model I 85 C,H,N A n a ly ze r.
10 . T o ta l  B a c te r ia  -  As d e sc r ib e d  by M il l ip o re .  (20)
11. C o lifo rm  B a c te r ia  -  As d e s c r ib e d  by M il l ip o re .
12. T em perature  -  E le c t ro n ic  th e rm is to r .
Some o f  th e  p a ram e te rs  l i s t e d  above w ere d e te rm in e d  o n ly  o c c a s io n ­
a l l y  and some w ere u sed  on ly  f o r  s p e c ia l  s t u d i e s . A g a in , r e s u l t s  from 
Lake T hun d erb ird  on a l l  th e s e  p a ram e te rs  a re  a v a i l a b l e ,  th u s  f a c i l i t a t ­
in g  co m parisons.
R esearch  was conducted  on th e  model f o r  a p e r io d  o f  450 day s.
For co n v en ien ce , r e s u l t s  from days 0-250 and from days 250-4-50 w i l l  be
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d is c u s s e d  s e p a r a t e ly .  L ik ew ise , r e s u l t s  from  some o f  th e  s tu d ie s  
d e a l in g  w ith  r e s e a r c h  a p p l ic a t io n s  o f  th e  m o d e l, m entioned  on page 17 , 
a re  d is c u s s e d  in d iv id u a l ly .
Days 0-250
The p rim ary  o b je c t iv e  o f  t h i s  phase  o f  th e  work was to  e s ta b l i s h  
and m a in ta in  a  la b o ra to r y  model o f  Lake T h u n d e rb ird . A second ob jec­
t i v e  was to  f u r t h e r  s tu d y  th e  s lu g  e f f e c t  in  th e  column e f f lu e n t  men­
t io n e d  e a r l i e r .  A t h i r d  o b je c t iv e  was t o  com pare on a  p a ram ete r-b y - 
p a ram ete r b a s is  th e  column e f f lu e n t  and th e  r e c e iv in g  ta n k .  A f in a l  
o b je c t iv e  d u rin g  t h i s  p e r io d  was to  d e te rm in e  i f  d is s o lv e d  Ca i s
so rb ed  on to  p a r t i c u l a t e  (c la y )  m a te r ia ls .
The p e r i s t a l t i c  pump was i n i t i a l l y  r e g u la te d  to  rem ain  on f o r  
30 m inu tes each  6 h o u rs . At a  pumping r a t e  o f  12 .2  ml p e r  m in u te ,
366 ml o f  a e r a te d ,  d i s t i l l e d  w ater was d e l iv e r e d  to  th e  column each 
6 h o u rs— a s im u la te d  r a i n f a l l  o f  a p p ro x im a te ly  0 .8  in c h  p e r  6 h o u rs , o r  
a  t o t a l  o f  3 .2  in c h e s  p e r  day. The f i r s t  e f f l u e n t  was re c e iv e d  from 
th e  column on Ju n e  21 , h e r e a f t e r  r e f e r r e d  t o  a s  d a y -z e ro .
The i n i t i a l  column e f f lu e n t  had an in t e n s e  y e llo w  c o lo r  th a t  
p e r s i s t e d  f o r  ab o u t IT d ay s . By day 2 0 , th e  ta n k  c o n ta in e d  a  b io lo g ic a l  
p o p u la tio n  th a t  ap p ea red  to  be com prised c h i e f ly  o f  b lu e -g re e n  a lg a e , 
r o t i f e r s ,  and c i l i a t e s .  B a c te r io lo g ic a l  a n a ly s i s  on th e  ta n k  w a te r on 
day 25 y ie ld e d  a  t o t a l  b a c t e r i a  count o f  ^00 c o lo n ie s  p e r  ml and a 
c o lifo rm  count o f  60 c o lo n ie s  p e r m l. On day 3 1 , th e  t o t a l  b a c te r ia  
coun t was 290 c o lo n ie s  p e r  ml and th e  c o l ifo rm  count was 25 co lo n ies  
p e r  ml in  th e  t a n k .  By day 30, E u g len a , C h lo r e l l a , and s e v e ra l  sp e c ie s
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o f  d iatom s w ere grow ing in  th e  ta n k  w a te rs . On day 31 , a  sm a ll amount 
o f  Lake T hnnderb ird  w a te r  known to  c o n ta in  C yclops, D aphn ia , Bosm ina, 
and Diaptomus was added to  th e  ta n k .  These organism s r e p r e s e n t  th e  
m a jo r i ty  o f  n e t - s i z e d  p la n k to n  i n  T hunderb ird . The fo u r  g e n e ra  s u r ­
v iv e d  f o r  th e  d u ra t io n  o f  th e  s tn d y .
Column e f f lu e n t  sam ples w ere c o l le c te d  by  p e r io d i c a l ly  p la c in g  a 
LOG-ml b eak e r d i r e c t l y  u n d er th e  column. Tank sam ples, e x c e p t where 
n o te d , w ere alw ays c o l l e c t e d  from  th e  same ta n k  lo c a t io n  and j u s t  under 
th e  s u r f a c e .  Because th e  ta n k  was w e ll m ixed, th e  tan k  sam ples were 
c o n s id e re d  r e p r e s e n ta t iv e  o f  th e  whole ta n k . Wo ta n k  sam ples w ere 
c o l le c te d  b e fo re  day l 6 .
E a r l i e r  in v e s t ig a t io n s  by uhe au th o r su g g es ted  t h a t  th e  s lu g  
e f f e c t  m entioned  e a r l i e r  m ight depend on th e  d ryness o f  th e  s o i l  sam ple. 
A c c o rd in g ly , i t  was d ec id ed  to  p e r io d i c a l ly  s to p  th e  flow  o f  w a te r  to  
th e  column to  l e t  th e  s o i l  d ry . I t  shou ld  be p o in te d  o u t t h a t  th e  s o i l  
when p la c e d  in  th e  column was f a i r l y  w et, b e in g  c o l le c te d  s h o r t ly  a f t e r  
r e c e n t  r a i n s .
Column e f f lu e n t  and ta n k  TDS r e s u l t s  fo r  th e  f i r s t  250 days a re  
shown in  F ig u re  13. The e f f lu e n t  c o n c e n tra tio n  e x h ib ite d  no s lu g  e f ­
f e c t  and rem ained  f a i r l y  c o n s ta n t  fo r  th e  f i r s t  60 days a t  ab o u t lAO- 
150 m g /l. The ta n k  TDS v a lu e  from  days 16- 6O a l s o  rem ained f a i r l y  con­
s t a n t  a t  about li;0  m g /l .  To f u r t h e r  in v e s t ig a te  th e  r e l a t i o n  betw een 
s o i l - d r y n e s s  and th e  s lu g  e f f e c t , flow  to  th e  column was s to p p ed  on 
day 58 . Flow was s t a r t e d  a g a in  on day 7 ^ , stopped  on day 8 0 , s t a r t e d  
on day 8 9 , s to p p ed  on day 9 7 , and f i n a l l y ,  s t a r t e d  again  on day 115.
As can be s e e n , th e  re sp o n se  was an in c re a s e  in  TDS in  th e  e f f lu e n t
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each  tim e  flo w  to  th e  column was in te r r u p te d .  F u rth e rm o re , th e r e  ap­
p ea re d  to  he a  r e l a t i o n  betw een th e  le n g th  o f  tim e  flow  was s to p p ed  and 
th e  r e l a t i v e  in c re a s e  in  TDS. I t  can  he seen  t h a t  hy day 130> th e  e f ­
f lu e n t  TDS had d e c re a se d  to  a  h ase  le v e l  o f  ap p ro x im ate ly  1UO-I5O m g /l, 
in d ic a t in g  th a t  a  s te a d y  s t a t e  c o n d itio n  had heen  re a c h e d .
The ta n k  TDS in c re a s e d  from a  day-60 v a lu e  o f  lUO m g /l to  250 m g/l 
hy day 120. T h is  in c re a s e  i s  a t t r i b u t a b l e  t o  th e  column s lu g  e f f e c t  
and , due t o  l e s s  column flo w  d u rin g  th i s  p e r io d ,  in c re a s e d  c o n c e n tra tio n  
due to  e v a p o ra tio n . The ta n k  TDS rem ained  f a i r l y  c o n s ta n t  from  days
120- 1 3 5 .
By day 1 ^0 , th e  column had alm ost cea se d  p e r c o la t in g .  T h e re fo re , 
on day 1À5, th e  column s o i l  was re p la c e d . The rep la cem e n t s o i l  was 
com prised o f  th e  same two s o i l s  u sed  p re v io u s ly , how ever, to  in s u re  
b e t t e r  p e r c o la t io n ,  th e  com posite c o n ta in ed  a much h ig h e r  p e rc e n ta g e  
o f  th e  r e d ,  sandy s o i l .  I t  shou ld  he p o in te d  o u t t h a t  t h i s  s o i l  had 
heen s to r e d  in  th e  la b o ra to ry  s in c e  June 1969 and was q u i t e  d ry .
F ig u re  13 r e v e a ls  t h a t  th e  i n i t i a l  TDS v a lu e  o f  th e  column e f ­
f lu e n t  on day 150 was 950 m g /l. T his va lue  r a p id ly  dropped  to  a  b ase  
le v e l  o f  ap p ro x im a te ly  bO m g /l. The tank  responded  t o  th e  column s lu g  
e f f e c t  hy in c re a s in g  to  a maximum TDS of 365 on day 150. The ta n k  TDS 
d ec re a se d  from day 150 to  a v a lu e  o f  200 m g /l hy day I 90 and rem ained  
f a i r l y  c o n s ta n t t h e r e a f t e r .
On day 19^ , th e  flo w  to  th e  column was reduced  hy 50 p e rc e n t .
Thus th e  volum e o f  flow  now was 183 ml every  6 h o u rs , w hich  co rresp o n d s  
to  a  s im u la te d  r a i n f a l l  t o  th e  column of O.U in c h  ev e ry  6 hours o r  1 .6  
in ch es  p e r  day . F ig u re  13 shows t h a t  t h i s  change in  flow  r a t e  had  no
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Figure 13 . Comparison o f  Column E ff lu e n t  and Tank T ota l D isso lv e d  S o lid s .
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F igure lU . Comparison o f  Column E ff lu e n t  and Tank pH.
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F igure 15 . Comparison o f  Column E ff lu e n t  and Tank T o ta l Hardness as mg/1 CaCO .^
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F ig u re  l 6 .  Com parison o f  Column E f f lu e n t  and  Tank Magnesium H ardness a s  mg/1 CaCO^.
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F igure 19 . Column E ff lu e n t  D isso lv e d  T o ta l Phosphate and D isso lv e d  O rtho-Phosphate.
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F igure 20. Tank D isso lv e d  T o ta l Phosphate and D isso lv e d  O rtho-Phosphate.
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F igure 21. Column E ff lu e n t  T u rb id ity  in  Jackson T u rb id ity  U n its .
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F igure 22 . Tank T u rb id ity  in  Jackson  T u rb id ity  U n its ,
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e f f e c t  on e f f lu e n t  TDS. S in ce  th e  column e f f lu e n t  had a  d i l u t i n g  e f ­
f e c t  on th e  t a n k ,  i t  was p o s s ib le ,  by r e g u la t in g  th e  volume o f  column 
e f f l u e n t ,  to  somewhat c o u n te ra c t th e  e f f e c t  o f  e v a p o ra tio n  on th e  ta n k . 
By day 190, th e  ta n k  w a te r  d ep th  f lu c tu a te d  be tw een  8 and 9 in c h e s ,  
co rre sp o n d in g  t o  a  volume o f  about ^0-1+4 l i t e r s  r e s p e c t iv e ly .
Column e f f lu e n t  and ta n k  pH r e s u l t s  f o r  th e  f i r s t  250 days a re  
shown in  F ig u re  1^. As can be  s e e n , th e  column e f f lu e n t  pH in c re a s e d  
from 6 .8  a t  day zero  to  T«7 by day 20 ; from day 2 0 , th e  e f f l u e n t  pH 
showed a  slow  in c re a s e  to  a  v a lu e  o f  8 .0  by day 1 ^ 5 . I t  ap p ea red  th a t  
th e  i n t e r r u p t io n  o f  flow  to  th e  column (pump on-pump o f f )  had  l i t t l e  
e f f e c t  on th e  e f f l u e n t  pH. The ta n k  pH in c re a s e d  from  a  v a lu e  o f  7 .8  
a t  day l 6 to  8 .4  by day 83. The ta n k  pH s ta y e d  r e l a t i v e l y  c o n s ta n t 
from  day 83 t o  day 153 a t  a  v a lu e  o f  8 . 4 - 8 .6 .
A f te r  th e  s o i l  was re p la c e d  in  th e  colum n, th e  i n i t i a l  e f f lu e n t  
pH was 6 .7  a t  day 150. The e f f lu e n t  pH dropped t o  about 6 .5  a t  day 60 
and rem ained f a i r l y  c o n s ta n t u n t i l  day 190. At t h i s  p o in t ,  th e  e f f lu e n t  
pH c lim bed  to  a  v a lu e  o f  6 .9  a t  day 210 and rem ained  f a i r l y  c o n s ta n t 
t h e r e a f t e r .  The ta n k  pH dropped from  a  v a lu e  o f  8 .6  a t  day 153 to  8 .3  
a t  day 170; from  day 170 th e  pH in c re a s e d  back  to  about 8 .5  and rem ained 
f a i r l y  c o n s ta n t .  That th e  ta n k  d id  n o t respond  more to  th e  low er 
e f f lu e n t  pH in d ic a te s  t h a t  th e  ta n k  was w e ll b u f f e r e d .
Column e f f lu e n t  and ta n k  t o t a l  hardness r e s u l t s  a re  shown in  
F ig u re  15. The e f f lu e n t  gave no in d ic a t io n  o f  a s lu g  e f f e c t  and r e ­
m ained a t  ap p ro x im ate ly  130 mg/1 from  day 0 to  day 60. B ecause o f  
sample s i z e ,  d e s t ru c t iv e n e s s  o f  th e  t e s t ,  and red u ced  column e f f lu e n t  
volume due to  th e  pump on-pump o f f  c y c le ,  no e f f lu e n t  t o t a l  h a rd n e ss
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d a ta  was ta k e n  from  days 60 t o  150. The ta n k  t o t a l  h a rd n ess  was f a i r l y  
c o n s ta n t from  day l 6 t o  day 6 0 , w ith  a  v a lu e  o f  ap p ro x im ate ly  125 m g /l .  
Tank t o t a l  h a rd n e ss  in c re a s e d  from  th e  v a lu e  a t  day 60 t o  a  v a lue  o f  
230 m g/l a t  day 135* The in c r e a s e  i n  ta n k  t o t a l  h a rd n ess  i s  a t t r i b u ­
t a b l e  to  in c re a s e d  c o n c e n tra tio n  due to  e v a p o ra tio n  b ecau se  of l e s s  
column f lo w , and any u n d e te c te d  s lu g  e f f e c t  t h a t  m ight have o c c u rre d .
The e f f lu e n t  t o t a l  ha rd n ess  a t  day 1 5 0 , a f t e r  th e  column s o i l  had been  
changed , was 75 m g /l and dropped t o  35 m g /l by day 171 ; th e  t o t a l  h a rd ­
n ess  a f t e r  day 171 rem ained f a i r l y  c o n s ta n t .  The ta n k  had  a  maximum 
t o t a l  h a rd n e ss  o f  318 m g/l on day 152 and dropped to  a  b a se  le v e l  o f  
ap p ro x im a te ly  l 60 m g /l by day 200 .
F ig u re s  l 6 and 17 compare column e f f lu e n t  and ta n k  magnesium 
and ca lc iu m  h a rd n e s s ,  r e s p e c t iv e ly .  F ig u re  l 6 shows t h a t  e f f lu e n t  
magnesium h a rd n e ss  rem ained a t  abou t 50 m g /l f o r  th e  f i r s t  60 d ay s .
For re a so n s  m en tioned  e a r l i e r ,  no e f f l u e n t  d a ta  was o b ta in e d  from days 
6O -I5O. As can  be se e n , th e  ta n k  magnesium h a rd n ess  had  a  base l e v e l  
v a lu e  o f  abou t ^5 m g /l and i t  in c re a s e d  from  t h i s  v a lu e  a t  day 60 t o  a  
v a lu e  o f  70 m g /l by day 135. Tank magnesium h ard n ess  reac h ed  a  maximum 
o f  105 m g /l a t  day 152 and th e n  d ropped  t o  a  b a se  l e v e l  o f  about 50 m g /l. 
The column e f f lu e n t  a t  day 150 had a  magnesium h a rd n ess  o f  30 m g/l and 
dropped t o  a  b a se  l e v e l  by day 171 o f  15 m g /l.
The e f f lu e n t  calcium  h a rd n ess  rem ained  a t  about 80 m g /l f o r  th e  
f i r s t  60 d a y s . The ta n k  ca lc ium  h a rd n e ss  was a l s o  about BO m g/l d u r in g  
t h i s  p e r io d  and th e n  in c re a s e d  a t  a  f a s t e r  r a t e  th a n  d id  th e  tan k  mag­
nesium  h a rd n e ss  to  a v a lu e  a t  day 135 o f  16O m g /l.  The ta n k  calc ium  
h a rd n ess  in c re a s e d  to  a maximum a t  day 152 o f  213 m g/l and then  dropped
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t o  a  base  le v e l  o f  110 m g /l. The e f f lu e n t  v a lu e  a t  day 150 was 
^5 m g /l and th e n  dropped to  a  b a se  l e v e l  o f  about 20 m g /l.
F ig u re  18 com pares column e f f lu e n t  and ta n k  t o t a l  a l k a l i n i t y  
v a lu e s  f o r  th e  f i r s t  250 d a y s . E f f lu e n t  a l k a l i n i t y  was e r r a t i c  f o r  
th e  f i r s t  25 days and th en  le v e le d  o f f  a t  about 130 m g/l th ro u g h  day 
60 . No e f f lu e n t  d a ta  i s  a v a i la b le  from days 60 -1 5 2 . The e f f lu e n t  
a l k a l i n i t y  on day 1 5 2 , a f t e r  th e  column s o i l  had  b een  changed , was 
abou t 10 m g /l and rem ained r e l a t i v e l y  c o n s tan t t h e r e a f t e r .  The ta n k  
a l k a l i n i t y  fi'om days I 6- 6O av erag ed  about 110 m g / l .  The ta n k  v a lue  
in c re a s e d  from day 60 t o  a v a lu e  o f  185 m g/l a t  day 120; th e  maximum 
ta n k  a l k a l i n i t y  was 2 l6  m g/l a t  day 135. The ta n k  a l k a l i n i t y  th en  
dropped to  a  b a se  l e v e l  o f  ap p ro x im a te ly  100 m g / l .  The in c re a s e  in  
ta n k  a l k a l i n i t y  from days 60-135  i s  a t t r ib u t e d  to  in c re a se d  c o n c e n tra ­
t i o n  due t o  e v a p o ra tio n  and any p o s s ib le  u n d e te c te d  e f f lu e n t  s lu g  
e f f e c t s .  Tank p h e n o lp h th a le in  a l k a l i n i t y  was u s u a l ly  not d e te c ta b le  
d u rin g  t h i s  p e r io d ;  i n  th e  few c a se s  i t  was d e t e c ta b le ,  i t  ran g ed  from 
a v a lu e  o f  m g /l on day 93 t o  a  maximum o f  10 m g /l on day 159. T here­
f o r e ,  most o f  th e  t o t a l  a l k a l i n i t y  was in  the  b ic a rb o n a te  form .
F ig u re  19 shows th e  column e f f lu e n t  r e s u l t s  from th e  d is s o lv e d  
to ta l-p h o s p h a te  (DTP) and d is s o lv e d  o r th o -p h o sp h a te  (DOP) a n a ly s e s .
The column e f f lu e n t  d id  e x h ib i t  somewhat o f  a s lu g  e f f e c t  f o r  DTP, 
dropp ing  from i n i t i a l  v a lu es  o f  abou t 3 m g/l t o  an  average v a lu e  o f 
1 .7 5  m g/l on day 12 t h a t  p e r s i s t e d  th ro u g h  day 6 0 . For th e  same re a so n s  
g iv en  e a r l i e r ,  no DTP o r DOP d a t a  i s  a v a i la b le  from  days 6O -I5O. DOP 
a n a ly se s  re v e a le d  no s lu g  e f f e c t  and th e  read in g s  averaged  about 0 .25  
m g /l th ro u g h  day 6 0 . DOP v a lu e s  averaged  about O.O8 m g/l from  day 159
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onw ard. DTP r e s u l t s  once a g a in  in d ic a te d  a  s lu g  e f f e c t ,  a f t e r  th e  
column s o i l  was changed, w ith  a  v a lu e  o f  2 .60  m g /l on day 159 th a t  
d ropped  to  a  h a se  l e v e l  o f  about 1 .7 0  m g/l by day I 8 5 .
DOP i s  th e  in o rg a n ic  form o f  phosphate  and t h i s  c o u ld  e x p la in  
why t h i s  p a ra m e te r  behaved in  a  manner s im i la r  t o  TDS, t o t a l  h a rd n e s s , 
and c a lc iu m  and magnesium h a rd n e s s , in  t h a t  no s lu g  e f f e c t  was o bserved . 
DTP, how ever, ap peared  to  be made up c h ie f ly  o f  m e ta -p h o sp h a te  : m eta­
p h o sp h a te  can  be determ ined  by s u b tr a c t in g  DOP v a lu e s  from  DTP v a lu e s .
I t  i s  p o s s i b l e ,  th e r e f o r e ,  t h a t  much of th e  DTP was in  th e  o rg an ic  form 
and t h a t  th e  r e s u l t s  shown in  F ig u re  19 r e p re s e n t  an i n i t i a l  f lu s h in g  
from  th e  colum n, r a th e r  th a n  le a c h in g .
R e s u l ts  from  a n a ly se s  o f  ta n k  w aters  f o r  DTP and DOP a re  shown in  
F ig u re  20 . As can be seen , th e  DTP c o n c e n tra tio n  showed a slow  de­
c re a s e  from  a  v a lu e  o f  2 . 5O m g /l a t  day I 6 t o  a  v a lu e  o f  0 .90  m g/l a t  
day 2 0 0 , and th e n  te n d ed  to  l e v e l  o f f .  Tank DOP v a lu e s  av e rag ed  about 
0 .1 2  m g /l from  days 16- 6O; from days 60-250 , th e  DOP rem ained  f a i r l y  
c o n s ta n t  a t  a  v a lu e  o f  about O.O6 m g /l. By com paring F ig u re s  19 and 20 , 
i t  can be  seen  th a t  by day 200 th e  tan k  DTP (O .9O m g /l)  had dropped  to  
a  low er v a lu e  th a n  th e  DTP o f  th e  column e f f lu e n t  ( I .70  m g / l) .  I t  i s  
a p p a re n t  from  F ig u re  20 th a t  n e i th e r  DTP no r DOP resp o n d ed  to  evapora­
t i o n  o r  any p o s s ib le  s lu g  e f f e c t s  as  had th e  p re v io u s  p a ra m e te rs  d i s ­
c u s se d . I t  i s  concluded  th a t  th e  d ec re ase  i n  ta n k  DTP i s  due p r im a r i ly  
t o  a l g a l  u p ta k e ,  chem ical p r e c i p i t a t i o n ,  a n d /o r  p h y s ic a l  s o rp t io n  on to  
p a r t i c u l a t e  m a tte r .
Column e f f lu e n t  t u r b i d i t y  r e s u l t s  in  Jack so n  T u r b id i ty  U n its  
(JTU) a r e  shown in  F ig u re  21. As shown, th e  i n i t i a l  r e s u l t s  w ere
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g r e a t e r  th a n  500 JTU (0% tra n s m is s io n  o f  th e  sam ple compared to  d i s ­
t i l l e d  w a te r ) . The t u r h i d i t y  re a d in g s  had dropped  to  a v a lu e  o f  abou t
75 JTU by day 20 and rem ained  f a i r l y  c o n s ta n t  th ro u g h  day 7 0 . As shown,
in t e r r u p t io n s  o f  flo w  to  th e  column w ere fo llo w ed  by in c re a s e s  i n  e f ­
f lu e n t  t u r b i d i t y .  A f te r  th e  change in  column s o i l ,  th e  t u r b i d i t y  once
a g a in  in c re a s e d  to  a  v a lu e  g r e a te r  th a n  500 JTU, and th e n  s lo w ly  de­
c re a se d  t o  an av erag e  v a lu e  o f 90 JTU by day 200.
Tank t u r b i d i t y  r e s u l t s  a re  shown in  F ig u re  22 . The t u r b i d i t y  
v a lu e  a t  day l6  o f  350 JTU dropped to  a  v a lu e  o f  75 JTU by day ^ 0 . A t 
t h i s  p o i n t , ap p ro x im a te ly  200 grams o f  th e  same ty p e  s o i l s  used  in  th e
column w ere added to  th e  ta n k  to  s tu d y  th e  e f f e c t s  o f  a la r g e  in c re a s e
in  t u r b i d i t y .  As shown, th e  tan k  t u r b i d i t y  im m ediate ly  in c re a s e d  to  a
v a lu e  g r e a t e r  th a n  500 JTU and th e n  r a p id ly  d ropped  to  a  v a lu e  o f  150
JTU a t  day 80 . The e r r a t i c  t u r b i d i ty  v a lu e s  betw een days 80 and ll+O 
a re  p ro b a b ly  due to  th e  s lu g  e f f e c t s  r e c e iv e d  from  th e  column e f f lu e n t .  
In  re sp o n se  to  th e  e f f l u e n t  s lu g  e f f e c t  t h a t  fo llo w ed  th e  change in  
column s o i l ,  th e  ta n k  t u r b i d i ty  in c re a s e d  from a  v a lu e  o f  25 JTU a t  day 
lUO to  a  maximum o f  155 JTU on day 165 . A f te r  day 165 , th e  ta n k  t u r ­
b i d i t y  d e c re a se d  to  a  b a se  le v e l  o f  a p p ro x im a te ly  35 JTU by day 210, 
Comparison o f  F ig u re s  21 and 22 r e v e a ls  t h a t  th e  ta n k  t u r b i d i t y  a f t e r  
day 210 was low er th a n  th a t  o f th e  column e f f lu e n t  fo r  th e  same tim e 
p e r io d .  T h is in d ic a te s  t h a t  th e  p a r t i c u l a t e  ( c la y )  m a te r ia ls  were 
s e t t l i n g  to  th e  bottom  o f  th e  ta n k ,  th u s  fo rm ing  a  sedim ent l a y e r .
The i n i t i a l  t u r b i d i t y  s lu g  e f f e c t  and th e  e f f e c t  a f t e r  changing 
th e  column s o i l  (F ig u re  21 ) were p ro b ab ly  due t o  th e  p h y s ic a l  d i s tu r b ­
ance o f  th e  s o i l  when p la c in g  i t  in  th e  column.
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I t  was f e l t  t h a t  q u a n t i t a t iv e  volume com parisons betw een th e  la k e  
and th e  model w ere r e l a t i v e l y  m ean in g less  in s o f a r  as  w ater q u a l i ty  was 
co n ce rn ed . F o r exam ple, th e  r a t i o s  o f  la k e  volume to  ta n k  volume 
(120 ,000  a c re -fe e t/ i+ 0  l i t e r s )  and o f  t o t a l  volume a v a i la b le  to  th e  la k e  
p e r  y e a r  to  t o t a l  volume a v a i la b le  to  th e  ta n k  p e r  y e a r  ( 505,000  a c re -  
f e e t /3 5 0  l i t e r s )  were d i f f i c u l t  t o  i n t e r p r e t  in  te rm s o f  w a te r  q u a l i ty .  
T h e re fo re ,  com parisons were made o n ly  in  te rm s o f  w a te r  q u a l i ty .  TDS 
was u se d  a s  a  com parison  index  f o r  t o t a l  h a rd n e s s , calcium  h a rd n e s s , 
magnesium h a rd n e s s ,  and a l k a l i n i t y ,  as th e s e  p a ram ete rs  behaved s im i la r  
t o  TDS f o r  th e  f i r s t  250 days . I n  o th e r  w o rd s , th e  r a t i o  o f  TDS to  
t o t a l  h a rd n e ss  was f a i r l y  c o n s ta n t ,  ra n g in g  from  1 .1  to  1 .3  th ro u g h  th e  
fo u r  tim e  p e r io d s  shown in  Table 8 . The same was t r u e  fo r  th e  r a t i o s  o f  
TDS t o  ca lc iu m  h ard n ess  , TDS to  magnesium h a rd n e s s , and TDS to  a l k a l in ­
i t y ;  th e  maximum r a t i o  range  o c c u rre d  w ith  TDS to  magnesium h a rd n ess— 
ra n g in g  from a  minimum o f  3 .1  to  a  maximum o f  4 .0  over th e  fo u r  tim e 
p e r io d s .  Thus TDS has been used  as  an in d e x  o f  th e s e  m in e ro lo g ic a l 
c o n s t i tu e n t s  o f  w a te r q u a l i ty .
The e q u i lib r iu m  c o n c e n tra tio n s  o f  t h e  e f f lu e n t  m in e ro lo g ic a l 
c o n s t i tu e n t s  w ere found to  be c o n s id e ra b ly  l e s s  th a n  th e  co rresp o n d in g  
v a lu e s  in  T h u n d erb ird . Such r e s u l t s  seem re a so n a b le  when c o n s id e ra tio n  
i s  g iv e n  to  th e  c o n c e n tra tin g  e f f e c t  t h a t  th e  c o n s id e ra b le  e v a p o ra tio n  
lo s s e s  from th e  la k e  m ust cau se . I t  i s  b e l ie v e d ,  th e n , t h a t  th e  concen­
t r a t i o n  o f  th e s e  m a te r ia ls  in  T hunderb ird  i s  r e g u la te d ,  in  p a r t ,  by th e  
d i l u t i n g  e f f e c t  o f w a te r s h e d - r a in f a l l - r u n o f f , te m p e ra tu re , s u r fa c e  a re a  
o f  l a k e ,  and i n t e n s i t y  and d u ra tio n  o f  p r e v a i l in g  w inds. C orrespond­
i n g l y ,  column e f f lu e n t— exclud ing  s lu g  e f f e c t s —p ro v id ed  d i l u t i o n  of
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ta n k  w a te r s .  The r a t e  o f  e v a p o ra tio n  in  th e  ta n k  was c h ie f ly  a func­
t i o n  o f  ta n k  a e r a t io n ,  as th e  ta n k  s u r fa c e  a r e a  and w a te r  and a i r  
te m p e ra tu re  were e s s e n t i a l l y  c o n s ta n t .  F u rth e rm o re , sam ple w ithd raw al 
from  th e  ta n k  was c o n s id e re d  ro u g h ly  analogous to  la k e  pumpage w ith ­
d raw a ls  and le ak ag e  th ro u g h  th e  dam in  t h a t  th e s e  a re  n o n -c o n c e n tra tin g  
l o s s e s .  T h e re fo re ,  u s in g  TDS as a g u id e , i t  was p o s s ib le  to  in c re a se  
th e  c o n c e n tra tio n  o f  ta n k  m a te r ia ls  by r e g u la t in g  ta n k  a e r a t io n  and 
volume o f  column in p u t .  As shown in  F ig u re s  13 and 1 5 -1 8 , ta n k  m ate- 
r a i l s  were c o n c e n tra te d  to  v a lu e s  above th o s e  en c o u n te re d  in  Thunder­
b i r d  and th e n  d ec re a se d  to  v a lu e s  l e s s  th a n  found  in  T h u n d erb ird . 
M oreover, from day 200 i t  was p o s s ib le  t o  m a in ta in  approx im ate  s te a d y -  
s t a t e  c o n d itio n s  by b a la n c in g  ta n k  e v a p o ra tio n  and sam pling  lo s s e s  
w ith  column in p u t volum e. The ta n k  d ep th  a f t e r  day 200 f lu c tu a te d  
betw een 8 and 9 in c h es  (abou t ^0 l ) .  T hus, a lth o u g h  a  ta n k  TDS of 
200 m g /l was l e s s  th a n  th e  TDS o f  T h u n d e rb ird , i t  was f e l t  t h a t  t h i s  
ta n k  dep th  and voFume w ere n e c e ssa ry  to  m a in ta in  th e  m odel.
T ab le  8 compares ta n k  r e s u l t s  from  h d i f f e r e n t  tim e  in te r v a ls  
d u rin g  th e  f i r s t  250 days w ith  T hu n d erb ird . The a c tu a l  ta n k  r e s u l t s  
and th e  m o d ified  r e s u l t s  o b ta in e d  by m u l t ip ly in g  th e  a c tu a l  r e s u l t s  by 
th e  r a t i o  o f  la k e  TDS to  ta n k  TDS a re  shown f o r  each  tim e  p e r io d . A 
TDS v a lu e  o f  250 m g /l was u sed  f o r  nhe la k e .  The r e s u l t s  from days 
16-60  r e p re s e n t  th e  i n i t i a l  ta n k  s t e a d y - s ta te  v a lu e s  d e s c r ib e d  p re ­
v io u s ly .  The p e r io d  from days 120-135 was chosen  b eca u se  th e  la k e  to  
ta n k  TDS r a t i o  was 1 . The i n t e r v a l  from  days 150-152 re p re s e n te d  th e  
maximum v a lu e s  o b ta in e d  d u rin g  th e  f i r s t  250 days and c o n se a u e n tly , th e
TABLE 8
COMPARISON OF TANK (ACTUAL) AND TANK (TDS-MODIFIED) WITH LAKE THUNDERBIRD
Days O- 2 5 0
Days 16-60  Days 120-135 Days 150-152 Days 200-250
TDS/ (Lake TDS/ (Lake TDS/ (Lake TDS/
Tank Tank TDS) Tf.nk Tank TDS) Tank Tank TDS) Tank Tank TDS) Lake 
P a ram e te r  Act u a l  (250/l^tO ) A c tu a l (2 5 0 /2 5 0) A c tu a l (25.0/365 ) A c tu a l (2 5 0 /2 0 0 ) T h u n d erb ird
TDS lltO 250 250 250 365 250 200 250 250-300
Total
Hardness 125 223 230 230 3l8 2l6 1 6 0 200 170-230
C alcium
Hardness 00 1U2 I6 0 l6 o 213 1^5 110 138 90-120
Magnesium
H ardness U5 80 TO TO 105 T1 50 63 8O-IIO
A lk a l in i t y  110 I 96 I 85 I 85 2 l6  ll<T 100 125 l8 0 -2 0 0
-4
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s m a l le s t  TDS r a t i o .  F i n a l l y ,  th e  i n t e r v a l  from days 200-250 r e p r e s ­
e n te d  f i n a l  ta n k  s t e a d y - s t a t e  c o n d i t io n s .
The m o d ified  t o t a l  h a rd n ess  v a lu es  l i s t e d  in  T ab le  8 a l l  f a l l  
w ith in  th e  t o t a l  h a rd n ess  ran g e  found in  Lake T h u n d e rb ird . However, 
th e  r a t i o  o f  ca lc ium  h a rd n e ss  t o  magnesium hard n ess  in  T h u n d erb ird  i s  
about 1 ,  w hereas t h i s  r a t i o  in  th e  ta n k  ran g es  from 1 .8  f o r  days I 6 - 6O 
t o  2 .3  f o r  days 120-135. T his r e s u l t  i s  p ro b ab ly  due to  th e  f a c t  t h a t  
th e  e f f lu e n t  ca lc ium  t o  magnesium r a t i o  i s  a ls o  g r e a t e r  th a n  1 .  C alcu­
l a t i o n  o f  th e  s o l u b i l i t y  p ro d u c ts  o f  CaCO  ^ and Mg(OH)^ f a i l  to  e x p la in  
th e  la r g e  ta n k  r a t i o  o r  th e  1 t o  1 r a t i o  found in  T h u n d erb ird . In  any 
c a s e ,  as compared to  T h u n d e rb ird , th e  m o d ified  calc ium  h a rd n e ss  v a lu e s  
a re  a l l  h ig h  and th e  m o d if ie d  magnesium h ardness v a lu e s  a r e  a l l  low. 
M odified  a l k a l i n i t y  v a lu e s  fo r  days I 6- 6O and days 120-135 f a l l  w ith in  
th e  T hunderb ird  ra n g e , w hereas th e  m o d ified  a l k a l i n i t y  v a lu e s  f o r  th e  
two rem ain ing  p e r io d s  f a l l  below  th e  range found in  T h u n d e rb ird .
R e su lts  shown in  F ig u re  13 in d ic a te  t h a t  th e  column s lu g  e f f e c t  
cou ld  be r e l a t e d  to  th e  r e l a t i v e  d ryness o f  th e  s o i l .  As shown in  
F ig u re  13 and as m en tioned  e a r l i e r ,  when th e  column s o i l  was w e t ,  no 
s lu g  e f f e c t  was o b se rv ed . Even when th e  flow  to  th e  column was de­
c re a se d  by 50 p e rc e n t (F ig u re  1 3 ) ,  th e  column s o i l  was s a tu r a te d  w ith  
w a te r  and no s lu g  e f f e c t  was se e n . T his would in d ic a te  t h a t  th e  e f ­
f lu e n t  c o n c e n tra tio n  was in d ep en d en t o f  column flow  as lo n g  as  th e  s o i l  
rem ained  w et. I t  i s  su g g es ted  t h a t  when th e  s o i l  b e g in s  to  d ry ,  w a te r 
e v a p o ra tin g  from  th e  s o i l  i n t e r s t i t i a l  spaces le a v e s  b e h in d  a r e s id u e .  
T h is r e s id u e  was composed o f  m a te r ia l s  th a t  p re v io u s ly  had  been  d i s ­
so lv ed  ( le a c h e d )  from  s o i l  p a r t i c l e s  and th e r e f o r e ,  was r e a d i l y
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s o lu b le  in  th e  n e x t flow  o f  w ater. I t  i s  f u r t h e r  su g g e s te d  th a t  when 
th e  pump was o f f  th e  column s o i l  would b e g in  to  dry  from th e  to p  down. 
T h e re fo re ,  th e  lo n g e r  th e  pump rem ained o f f  th e  more th e  column s o i l  
d ryed  and th e  g r e a t e r  th e  r e s u l t in g  s lu g  e f f e c t .  Evidence from Lake 
T h u n d erb ird  in d ic a te s  th a t  s l i g h t  in c re a s e s  in  TDS and t o t a l  h a rd n ess  
have o c c u rre d  fo llo w in g  late-sum m er r a in s  t h a t  had been  p reced ed  by 
lo n g  p e r io d s  o f  d ry n e s s . On th e  o th e r  h an d , d ec re ase s  in  la k e  TDS and 
t o t a l  h a rd n e ss  have been observed  a f t e r  sp r in g  r a i n s ,  when th e  s o i l  had  
been  w et f o r  some tim e . Thus although  th e  column e f f lu e n t  (w a te rsh ed - 
r a i n f a l l - r u n o f f )  does appear to  have a d i l u t i n g  e f f e c t  on th e  ta n k  
(im poundm ent), a t  tim es t h i s  e f fe c t  can  be q u i te  th e  o p p o s ite  and pos­
s i b l y ,  q u i t e  s i g n i f i c a n t .
As m en tioned  in  C hap ter 1 , s o i l  i s  known t o  f u r n is h  a l l  th e  nu­
t r i e n t s ,  v i ta m in s ,  and o th e r  m a te r ia ls  needed to  s u s ta in  b io lo g ic a l  
g row th . T hat such grow th was s u s ta in e d  th ro u g h o u t th e  d u ra t io n  o f  
t h i s  s tu d y  was ev idence  o f  t h i s  f a c t .  F u rth e rm o re , acc o rd in g  to  
A lexander (2 1 ) ,  s o i l  i s  a so u rce  of a  v a s t  a r r a y  o f d i f f e r e n t  o rg an ism s. 
No s p e c i f i c  b io lo g ic a l  exam inations such  as  sp e c ie s  i d e n t i f i c a t i o n  o r 
s p e c ie s  d i v e r s i t y  w ere done; emphasis was p la c e d  on chem ical q u a l i ty .  
F u rth e rm o re , as  th e  model obv iously  d id  n o t in c lu d e  th e  v a r io u s  h a b i t a t s  
found in  T h u n d e rb ird , any b io lo g ic a l  com parisons between th e  model and 
th e  la k e  w ould p ro b ab ly  have been m e a n in g le s s . However, because  o f  th e  
in f lu e n c e  a q u a t ic  organism s have on w a te r  q u a l i ty  th ro u g h  t h e i r  i n t e r ­
a c t io n s  w ith  th e  a q u a t ic  env ironm en t, g row th  in  th e  ta n k  was c o n s id e re d  
e s s e n t i a l .
As m en tioned  e a r l i e r ,  se v e ra l o f  th e  p a ram ete rs  u sed  in  t h i s  s tu d y
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a r e  known t o  b e  in d ic e s  o f  b io lo g ic a l  t r e n d s .  F or exam ple, th e  r e s u l t  
t h a t  ta n k  pH in c re a s e d  w ith  tim e  to  a v a lu e  o f  8 .5  can be a t t r i b u t e d ,  
a t  l e a s t  p a r t i a l l y ,  to  th e  f a c t  th a t  a lg a e  removed CO  ^ from s o lu t io n — 
th u s  ca u s in g  a  s h i f t  in  a l k a l i n i t y  forms from  b ic a rb o n a te  to  c a rb o n a te , 
and from  c a rb o n a te  t o  hyd ro x id e  (Saw yer, 2 2 ) . L ik e w ise , th e  d ec rease  
o f  DTP and DOP w ith  tim e  can be e x p la in ed  by  a l g a l  and b a c t e r i a l  up take 
(L ev in  and S h a p iro , 2 3 ) . F u r th e r  ev idence t h a t  th e  ta n k -d is so lv e d  
p h o sp h a te  was in c o rp o ra te d  in t o  th e  biom ass i s  p re s e n te d  in  a  l a t e r  
s e c t io n .  T hat th e r e  i s  a  p o s i t i v e  c o r r e la t io n  betw een th e  c o lo r  found 
in  new impoundments and o rg a n ic  m a te r ia ls  d e te rm in e d  as COD h as  a lre a d y  
been  m en tio n ed ; acc o rd in g  to  G jessin g  and S an d a l ( 1 2 ) ,  th e  d e c re a se  in  
c o lo r  w ith  tim e  can be a t t r i b u t e d  to  b io lo g ic  p r o c e s s e s .  T h e re fo re , th e  
r e d u c t io n  o f  i n i t i a l  ta n k  c o lo r  cou ld  b e  c o n s id e re d  as f u r th e r  ev idence 
o f  b io lo g ic  a c t io n .
E e s u l ts  from  f u r t h e r  a n a ly se s  o f  ta n k  w a te rs  a t  day 250 a re  shown 
in  T ab le  9 and a re  compared to  Lake T h u n d erb ird . As can be seen  in  
T ab le  9 a l l  ta n k  v a lu e s  w ith  th e  e x ce p tio n s  o f  DTP and c h lo r id e  f a l l  
w ith in  th e  ran g es found in  T hunderb ird .
R e s u lts  from th e  f i r s t  250 days in d ic a te d  t h a t  a colum n-fed 
model o f  T hunderb ird  co u ld  be e s ta b l is h e d  t h a t  was rem arkab ly  s im i la r  
t o  th e  la k e  in  te rm s o f  chem ica l w a te r q u a l i ty .  R e su lts  f u r th e r  in d i ­
c a te d  th a t  th e  column was cap a b le  o f  c o n t in u a l ly  su p p ly in g  b io lo g ic a l  
and chem ica l c o n s t i tu e n t s  to  th e  ta n k ,  th u s  a llo w in g  th e  model to  be 
m a in ta in e d  o v er r e l a t i v e l y  lo n g  p e r io d s  o f  t im e .  C o n c e n tra tio n s  o f 
s e v e r a l  ta n k  m a te r ia l s — th o se  d e fin e d  a s  r e p r e s e n t in g  m in e ro lo g ic a l 
c o n s t i tu e n t s — ap peared  to  be c o n t ro l le d  p r im a r i ly  by  th e  amount o f
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TABLE 9
COMPARISON OF TANK RESULTS AT DAY 250 
WITH LAKE THUNDERBIRD
Tank. Lake
t)H 8 .5  8 .0 -8 .5
DOP (m g /l)  0 .0 6  0 .0 1 -0 .1 5
DTP (m g /l) 0 .9 0  0 .2 0 -0 .3 0
T u rb id i ty  (JTU) 35 low  o f  Uo
COD (m g /l)  12 10-15
5-day BOD (m g /l)  3 1 -3
Manganese (m g /l) 0 .0 5  0 -0 .2 5
I ro n  (m g /l) 0 .0 3  0 .0 .1 0
C h lo rid e  (m g /l)  12 25
T o ta l B a c te r ia *  200/m l 95-350/m l
C olifo rm  B a c te r ia *  0 -1 .2 /m l 0 - 1 .5 /m l
* C o lo n ies /m l
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u sed  in  t h i s  r e s e a rc h  was p a r t i c u l a r l y  s u i te d  f o r  th e  u s e  o f  r a d io ­
a c t iv e  t r a c e r s .
The s o i l s  in  th e  T hun d erb ird  re g io n  c o n ta in  a  h ig h  p e rc e n ta g e  o f  
c la y .  A cco rd in g ly , m ost o f  th e  suspended s o l id s  and  t u r h i d i t y  in  
T h u n d e rb ird , and in  th e  m odel, a re  due to  suspended  c la y  p a r t i c l e s .  
F u rth e rm o re , a cc o rd in g  t o  Thompson (2 4 ) ,  B a ile y  (2 5 ) ,  and  McLean (2 6 ) ,  
c la y  p a r t i c l e s  p o sse ss  th e  c a p a c i ty  f o r  c a t io n -  and an io n -ex ch an g e . 
B a ile y  (25) b e lie v e s  t h a t  th e r e  a re  a f i n i t e  number o f  s i t e s  on th e  
s u r fa c e s  o f  in d iv id u a l  c la y  p a r t i c l e s  t h a t  a re  in v o lv e d  in  exchange. 
A ccording to  I 'ia rsh a ll (2 7 ) , th e s e  s i t e s  a re  charged  and th e  number o f  
p o s i t i v e  s i t e s  p e r  p a r t i c l e  a re  equ a l to  th e  number o f  n e g a t iv e  s i t e s .
I t  seems p la u s i b le ,  t h e r e f o r e ,  t h a t  th e r e  co u ld  e x i s t  a  dynamic 
e q u il ib r iu m  betw een d is s o lv e d  io n s  and io n s  a t ta c h e d  to  th e  s u r fa c e  o f  
suspended c la y  p a r t i c l e s .  The o b je c t iv e  o f  t h i s  s tu d y ,  th e n ,  was to  
d e term ine  i f  th e re  was a s h i f t  o f  ca lc ium -45  in  th e  ta n k  w a te rs  from 
th e  d is s o lv e d  phase t o  th e  p a r t i c u l a t e  p h a se .
On day 5 , 0.11 mg ca lc iu m  (C aC l^), la b e le d  w ith  ^^C a, was added 
to  th e  4o l i t e r s  o f  a e r a te d ,  d i s t i l l e d  w a te r  b e in g  pumped to  th e  column. 
I t  was hoped t h a t  th e  column e f f lu e n t  co u ld  be m o n ito red  to  d e term ine  
i f  th e  r a d io a c t iv e  ca lc iu m  was in  th e  d is s o lv e d  p hase  o r  th e  suspended 
p h a se . I t  was f u r t h e r  hoped t h a t  th e  f a t e  o f  th e  r a d io a c t iv e  ca lc iu m , 
once i t  had e n te re d  th e  ta n k ,  co u ld  be d e te rm in ed . However, no r a d io ­
a c t iv e  ca lc ium  was ev e r  d e te c te d  in  th e  column e f f l u e n t .  Subsequent 
in v e s t ig a t io n  a f t e r  ICO days in d ic a te d  t h a t  th e  ca lc ium -45  had no t 
p assed  beyond th e  to p  in c h  o f  s o i l  in  th e  column.
On day 23 , a ch em ica lly  i n s ig n i f i c a n t  amount o f  c a lc iu m .
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0 . l 6 log c a lc i im  (C aC l^ ), la b e le d  w ith  ^^Ca, was m ixed th ro u g h o u t th e  
J+0 l i t e r s  o f  w a te r  i n  th e  ta n k . Samples w ere th e n  p e r io d i c a l ly  c o l­
le c te d  th ro u g h  day 103 from  th e  to p ,  m id d le , and bo ttom  o f th e  ta n k . 
H a lf  o f  th e  sam ple from  each  d ep th  was f i l t e r e d  th ro u g h  a 0 .^5p  mem­
bran e  f i l t e r .  F ive-m l o f  f i l t r a t e  and 5-ml o f  n o n - f i l t e r e d  sam ple 
w ere th e n  p la c e d  in  r ib b e d  c o u n tin g  p la n c h e t t s  and b ro u g h t to  c o n s ta n t 
w e ig h t. A f te r  th e  r e s id u e  w e ig h ts  w ere d e te rm in e d , each  sam ple was 
coun ted  w ith  a  G-M sy stem . Each sam ple p la n c h e t t  was coun ted  ^ tim e s , 
b e in g  r o ta te d  90 d e g re e s  f o r  each c o u n t.
S t a t i s t i c a l  a n a ly s i s  o f  r e s u l t s  from  sam ples ta k e n  from  th e  top  
o f  th e  ta n k  in d ic a te d  no s ig n i f i c a n t  d i f f e r e n c e  betw een d is s o lv e d  and 
t o t a l  sam ples a t  th e  5 p e rc e n t  l e v e l  (F^ = 0 .I+9 ) .  There was a lso  no
s t a t i s t i c a l  d i f f e r e n c e  a t  th e  5 p e rc e n t l e v e l  betw een d is s o lv e d  and 
t o t a l  sam ples a t  th e  m id d le  d ep th  (F^ “  O .Y l). The bottom  depth
a l s o  showed no s t a t i s t i c a l  d i f f e r e n c e  betw een  th e  two sam ples a t  the  
5 p e rc e n t l e v e l  (F^ = O.7 8 ) .  F u r th e r  a n a ly s is  o f  v a r ia n c e  in d ic a te d
t h a t  i f  th e  c o rre sp o n d in g  t o t a l  and d is s o lv e d  co u n ts  were com bined, 
t h a t  th e re  was no s t a t i s t i c a l  d if f e r e n c e  a t  th e  5 p e rc e n t l e v e l  between 
th e  to p ,  m id d le , and bo ttom  lo c a t io n s  (F^ 2qq “ O .8 7 ) .  I t  sh o u ld  be 
p o in te d  o u t t h a t  th e  suspended  s o l id s  ran g ed  from ab o u t 0 .1  mg/5 ml to  
40 mg/5 ml d u rin g  th e  co u rse  o f  s tu d y . F u rth e rm o re , i t  was determ ined  
t h a t  s e l f - a b s o r p t io n  by th e  sample was n o t s i g n i f i c a n t  o v er th e  t o t a l  
s o l id s  ran g e  e n c o u n te re d .
The r e s u l t s  o f  t h i s  s tu d y  ap peared  somewhat p a ra d o x ic a l upon 
f i r s t  s tu d y . R e s u lts  in d ic a te d  t h a t  a l l  d e te c ta b le  r a d io a c t iv e  calcium  
in  th e  d i s t i l l e d  w a te r  oumned to  th e  column was l o s t  from th e  d is so lv e d
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p h a se . Y et r e s u l t s  from th e  ta n k  in d ic a te d  t h a t  a l l  r a d io a c tiv e  c a l ­
cium rem ained  i n  th e  d is s o lv e d  p h a se . The fo llo w in g  ex p lan a tio n  i s  
su g g e s te d  f o r  th e s e  r e s u l t s .
I t  was assumed t h a t  a t  th e  to p  o f  th e  column th e  d i s t i l l e d  w a te r  
c o n ta in e d  v e ry  few d is s o lv e d  m a t e r i a l s , m o s tly  ca lc iu m  and c h lo rid e  
i o n s . I t  i s  th e re f o r e  su g g e s te d  t h a t  t h e r e  was a  s h i f t  in  m a te r ia ls  
from  s i t e s  on th e  s o i l  ( c la y )  p a r t i c l e s  t o  th e  d i s t i l l e d  w a te r . How­
e v e r ,  as th e  w a te r  p e r c o la te d  downward th ro u g h  th e  s a tu r a te d  s o i l ,  
m a te r ia ls  t h a t  had heen d is s o lv e d  from  th e  s o i l  w ere exchanged w ith  
m a te r ia ls  s o r te d  on th e  s o l i d ,  s o i l  p h a se . T h u s, e v e n tu a l ly  a  dynamic 
e q u il ib r iu m  was e s ta h lisH e d  th a t  r e s u l t e d  in  no f u r t h e r  n e t  in c re a se  o f  
m a te r ia ls  in  th e  d is s o lv e d  p h ase . I n  t u r n ,  each  s u c c e s s iv e  flow o f  
d i s t i l l e d  w a te r  d is s o lv e d  m a te r ia ls  from  th e  to p  re g io n  o f  th e  column 
and s im u lta n e o u s ly  exposed a d d i t io n a l  s o i l  p a r t i c l e  s u r fa c e s  co n ta in in g  
p o t e n t i a l l y  exchangeable ( d is s o lv a b le )  m a te r i a l s .  I t  i s  fu r th e r  assum ed 
t h a t  in  t h e  to p  p o r t io n  o f  th e  colum n, th e  r a t i o  o f  th e  non-rad io  a c t iv e  
c a t io n s  a t ta c h e d  to  th e  s o i l  (c la y )  s u r fa c e s  to  th e  calcium-1+5 in- 
s o lu t io n  was l a r g e .  Thus i f  e q u i lib r iu m  c o n d it io n s  were in  e f f e c t , th e  
p r o b a b i l i t y  o f  th e  d is s o lv e d  calcium-1+5 — assum ing i t  behaved l ik e  i t s  
n o n - r a d io a c t iv e  c o u n te rp a r t—b e in g  exchanged w ith  a  n o n -ra d io a c tiv e  
c a t io n  w ould appear q u ite  l a r g e .  In  o th e r  w o rd s , a f t e r  dynamic e q u i­
l ib r iu m  was e s ta b l i s h e d ,  th e  p r o b a b i l i t y  o f  any d e te c ta b le  calcium-1+5 
ap p ea rin g  in  th e  d is s o lv e d  phase  a t  any one tim e  was q u i t e  low.
Much th e  same type o f  argum ent i s  su g g e s te d  to  e x p la in  the 
r e s u l t s  found  in  th e  ta n k .  That i s ,  t h a t  th e  calcium-1+5 remained in  
th.e d is s o lv e d  p h a se . In  t h i s  c a s e ,  i t  was assumed t h a t  th e  r a t io  o f
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n o n - r a d io a c t iv e  c a t io n s  in  th e  ta n k  d is s o lv e d  phase  t o  d is s o lv e d  
calcinm -U 5 was v e ry  l a r g e .  T h e re fo re ,  i f  dynamic e q u ilib r iu m  d id  
e x i s t  betw een  m a te r ia ls  in  th e  d is s o lv e d  p h ase  and m a te r ia ls  a t ta c h e d  
to  suspended  c la y  p a r t i c l e s , th e  p r o b a b i l i t y  o f  exchange in v o lv in g  a  
r a d io a c t iv e  ca lc iu m  io n  would be  q u i te  sm a ll.  I t  i s  concluded th e n ,  
t h a t  some form  o f io n  exchange in v o lv in g  suspended  m a te r ia ls  co u ld  have 
o c c u rre d  in  th e  ta n k ,  b u t t h a t  th e  amount o f  ca lc ium -^$  p re s e n t  in  th e  
suspended  p h ase  a t  any one tim e  was to o  sm a ll to  d e te c t .  N eedless to  
s a y ,  more r e s e a r c h  i s  needed to  s u b s ta n t i a te  th e  above su g g e s tio n s .
Days 25O-I+5O
D uring  t h i s  phase o f  s tu d y ,  r e s e a rc h  e f f o r t s  were focused  a]m ost 
e n t i r e l y  on th e  ta n k . Column e f f lu e n t  a n a ly se s  were conducted  only  
p e r i o d i c a l l y  d u rin g  t h i s  p e r io d  to  in su re  t h a t  th e  v a r io u s  so u rce  con­
c e n t r a t i o n s  rem ained  c o n s ta n t .  T h e re fo re ,  no column d a ta  has been p re ­
s e n te d  f o r  t h i s  s e c t io n .  Flow t o  th e  column and th e  column s o i l  were 
l e f t  u n d is tu rb e d .  The o b je c t iv e s  d u rin g  t h i s  p e r io d  were to  determ ine  
i f  th e  model co u ld  c o n tin u e  t o  be m a in ta in e d  and to  s tu d y  th e  re sp o n ses  
o f  th e  ta n k  to  a l t e r a t i o n  o f v a r io u s  f a c t o r s . *
R o u tin e  ta n k  d is s o lv e d  oxygen (DO) a n a ly se s  w ere begun on day 250. 
In  o rd e r  t o  a v o id  any p o s s ib le  d iu r n a l  f l u c t u a t i o n s , a l l  d e te rm in a tio n s  
w ere done a t  ap p ro x im ate ly  8 :00  a .m . As shown in  F ig u re  23 , th e  DO 
c o n c e n tr a t io n  from  days 250-277 rem ained  a t  abo u t 9»^ m g /l. S a tu r a t io n  
a t  21°C i s  ab o u t 9 .0  m g /l. Thus th e  c o n tin u a l  ta n k  a e r a t io n  k e p t th e  
DO c o n c e n tr a t io n  s l i g h t l y  above s a tu r a t io n .  Tank a e r a t io n  was stopped  
from  days 277-333. As can be s e e n , th e  DO dropped to  a minimum v a lu e
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Figure 23. Effects of Aeration-No Aeration, Blackout, and Glucose Addition on 
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Figure 2 h . Effect of Glucose Addition on Tank Total Dissolved Solids.
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Figure 25. E f fe c t s  o f  A eration-N o A eration  and G lucose A ddition  on Tank pH.
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Figure 26. Effects of Glucose Addition on Tank Alkalinity as mg/1 CaCO^.
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Figure 27. E f fe c ts  o f  G lucose A ddition  on Tank T o ta l, Calcium , and Magnesium
Hardness as mg/1 CaCO„.
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Figure 28. Effects of Aeration-No Aeration and Glucose Addition on Tank Turbidity. 
Results as Jackson Turbidity Units.
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Figure 29. E ffe c ts  o f  G lucose A dd ition  on Tank T o ta l D isso lv ed  Iron,
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Figure 30. E ffe c ts  o f  G lucose A dd ition  on Tank T ota l D isso lv ed  Manganese,
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Figure 31. E f f e c t s  o f  Blackout and G lucose A ddition  on Tank D isso lv ed  T otal
Phosphate and D is so lv ed  Ortho Phosphate.
95
o f  5 .2  nig/1 and th e n  in c re a s e d  to  ah on t 7 .3  mg/1 a t  day 31^ and rem ained 
e s s e n t i a l l y  c o n s ta n t  to  day 333. A e ra tio n  was s t a r t e d  a g a in  on day 333 
a n d , as  shown, th e  DO in c re a s e d  im m ed ia te ly  t o  ah o n t 9 .0  m g/1. The 
"P lan t-G ro "  h n lh s  w ere sh n t o f f  and th e  ta n k  was en v e lo p ed  in  a  h la c k  
c n r ta in  on day 3^1 . The re sp o n se  was a  d rop  in  th e  DO to  a  mi nirm-mi 
v a in e  o f 8 .2  mg/1 a t  day  370 fo llo w ed  hy a  DO in c re a s e  hack  to  ah on t 
9 .0  mg/1 hy day 390. A e ra tio n  was s to p p ed  once a g a in  on day 399; th e  
DO dropped im m ed ia te ly  to  a  l e v e l  o f  7 -3  mg/1 and f ln c t n a t e d  ahon t t h i s  
p o in t  n n t i l  day 4 l$ .  Enongh g lu c o se  s o ln t io n  to  p roduce  a  t h e o r e t i c a l  
u l t im a te  BOD o f  ah o u t 300 mg/1 was m ixed in to  th e  ta n k  on day UlB. As 
shown, th e  DO d e c re a se d  r a p id ly  to  day ^20 and th e n ,  l e s s  r a p id ly  t o  
day U3 0 , a t  w hich tim e  no m easu rab le  DO was l e f t .
Tank TDS r e s u l t s  f o r  days 25O-U5O a re  shown in  F ig u re  2k,  As 
shown, th e  TDS l e v e l  fo llo w in g  day 250 rem ained  a t  ah o u t 200 mg/1 
th ro u g h  day ^20 . Thus ta n k  a e r a t io n ,  c o n c e n tra t io n  o f  DO, and b la c k o u t 
c o n d itio n s  had no e f f e c t  on TDS. T here was o n ly  a  s l i g h t  in c re a s e  in  
TDS im m ediate ly  a f t e r  th e  g lu c o se  a d d i t io n  on day U1 8 . However, a f t e r  
day k20,  TDS in c re a s e d  t o  a  maximum v a lu e  o f  390 mg/1 on day  428 and 
th e n  dropped to  a  l e v e l  o f  ahou t 350 mg/1 .
As shown in  F ig u re  2 5 , pH v a lu e s  rem ained  a t  ah o u t 8 .5  from days 
25O-3 9 9 , w ith  th e  e x c e p tio n  o f  a  d e c re a se  to  7 .8  d u r in g  th e  s to p p ed - 
a e r a t io n  p e r io d  (day s 2 7 7 -333 ). A f te r  ta n k  a e r a t io n  was s to p p ed  on 
day 399, and u n d er b la c k o u t c o n d i t io n s ,  ta n k  pH dropped  t o  a  l e v e l  o f  
ah o u t 7 .9  th ro u g h  day 4 l8 .  A f te r  th e  g lu c o se  a d d i t io n  on day 4 l8 ,  ta n k  
pH d e c re a se d  to  a  m im'nnrm v a lu e  o f  6 .4  on day 426 and th e n  in c re a s e d  to  
a  v a lu e  o f  8 .1  hy day 447.
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F ig u re  26 in d ic a te s  t h a t  ta n k  a l k a l i n i t y  v a lu e s  rem ained  a t  
ahou t 130 m g /l th ro u g h  day 4lO. A f te r  th e  g lu c o se  a d d i t io n  on day i+lS, 
th e  a l k a l i n i t y  d e c re a se d  t o  ap p ro x im ate ly  100 mg/1 and th e n  in c re a s e d  
to  a  maximum v a lu e  o f  28o mg/1 on day i+31. The a l k a l i n i t y  th e n  dropped 
to  a  v a lu e  o f  a p p ro x im a te ly  220 m g/1 . Ko p h e n o lp h th a le in  a l k a l i n i t y  
was d e te c ta b le  d u rin g  t h i s  p e r io d .
Tank t o t a l  h a rd n e s s , ca lc ium  h a rd n e s s , and magnesium h a rd n ess  
r e s u l t s  from  days 25O-U5O a re  shown in  F ig u re  27 . These p a ram ete rs  
behaved s im i la r  to  TDS and a l k a l i n i t y  from days 250-UlO in  t h a t  th e y  
rem ained  f a i r l y  c o n s ta n t .  T o ta l h a rd n e ss  rem ained  a t  about 18O mg/1, 
ca lc iu m  h a rd n ess  a t  110 m g/1 , and magnesium h a rd n ess  a t  abou t 70 m g /l. 
A f te r  th e  g lu c o se  was ad d ed , t o t a l  h a rd n ess  in c re a s e d  to  a maximum of 
260 m g / l ,  ca lc iu m  h a rd n ess  in c re a s e d  to  150 m g / l ,  and magnesium h a rd ­
ness  in c re a s e d  t o  110 m g /l .  T o ta l h a rd n ess  th e n  d e c re a se d  t o  200 m g /l ,  
ca lc iu m  h a rd n e ss  d e c re a se d  to  110 m g / l ,  and magnesium h a rd n ess  t o  90 
m g /l. I t  i s  i n t e r e s t i n g  t h a t  a t  t h i s  p o in t  th e  ca lc iu m  h a rd n e s s /  
magnesium h a rd n ess  dropped  to  a v a lu e  o f  1 .2 — c lo se  t o  th e  same r a t i o  
found in  T h u n d erb ird .
As shown in  F ig u re  28 , tan k  t u r b i d i t y  rem ained  a t  abou t 35-^0  JTU 
th ro u g h  day ^20 . A f te r  th e  g lu c o se  a d d i t io n  on day i i l8 ,  ta n k  t u r b i d i t y  
in c re a s e d  to  a  •maximum o f  400 JTU on day itUU. The t 'u r b id i ty  th e n  began  
to  d e c re a se  and had dropped  to  a  v a lu e  o f  260 JTU by th e  end o f  th e  
s tu d y  (day  ^ 5 0 ). As can be  se e n , ta n k  a e r a t io n  ap p ea red  to  have no 
e f f e c t  on th e  ta n k  t u r b i d i t y  r e a d in g s .
The r e s u l t s  o f  ta n k  iro n  a n a ly se s  from  days 250-450 a r e  shown in  
F ig u re  29. As sho'wn, th e  iro n  c o n c e n tra t io n  rem ained  f a i r l y  c o n s ta n t
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from  day 250 to  day U20, ra n g in g  from  0 .0 3  m g /l t o  0 .0 5  m g /l.  A f te r  
th e  g lu c o se  a d d i t io n  and subsequen t d e c re a se  i n  DO, th e  i r o n  in c re a se d  
t o  ap p ro x im ate ly  0 .3  m g /l by day Ul+9- The minimum d e t e c t a b i l i t y  o f  
th e  iro n  t e s t  u sed  was 0 .0 2  m g /l.
Tank m anganese c o n c e n tra tio n s  f o r  days 250-450 a re  shown in  
F ig u re  30 . As shown, th e  manganese c o n c e n tra t io n  f lu c t u a te d  betw een
0 .05  m g /l and 0 .1 0  m g /l from  days 2 5 0 -4 l8 . M anganese c o n c e n tra tio n s  
o f  l e s s  th a n  0 .0 5  m g /l co u ld  have o c c u rre d , as th e  m inim al amount th a t  
co u ld  be d e te c te d  was 0 .0 5  m g /l. A f te r  th e  g lu c o se  a d d i t io n  and th e  
subsequen t a n a e ro b ic  c o n d it io n s  t h a t  fo llo w e d , th e r e  was a  huge in ­
c re a s e  in  th e  m anganese c o n c e n tra t io n —t o  1 0 .2  m g /l by  day 430.
F ig u re  31 shows th e  ta n k  d is s o lv e d  t o t a l  p h o sp h a te  (DTP) and 
d is s o lv e d  o r th o -p h o sp h a te  (DO?) r e s u l t s  from  days 250-450 . The DTP 
c o n c e n tr a t io n  av e ra g ed  abo u t 0 .85 m g/l from  day 250 t o  day 340. A fte r  
th e  ta n k  was s u b je c te d  t o  b la c k o u t c o n d it io n s  on day 3 4 l ,  th e  DTP con­
c e n t r a t io n  in c re a s e d  to  an av erag e  c o n c e n tr a t io n  o f  ab o u t 2 .3  m g/l on 
day 380 and rem ained  a t  t h i s  le v e l  th ro u g h  day 4 l8 .  A f te r  th e  g lucose 
a d d i t io n ,  th e  DTP d e c re a se d  to  a minimum v a lu e  o f  1 .0  m g /l on day 425. 
The DTP th e n  in c re a s e d  t o  a  le v e l  o f  a p p ro x im a te ly  2 .6  m g /l by day 435. 
As shown, th e  DOP c o n c e n tr a t io n  rem ained  f a i r l y  c o n s ta n t  from days 
250-360  a t  abou t 0 .1 5  m g /l .  The m inim al c o n c e n tr a t io n  d e te c ta b le  w ith  
th e  DOP t e s t  was 0 .0 1  m g /l.  The DOP in c re a s e d  from  th e  v a lu e  a t  day 
360 to  0 .25  m g /l from  days 360-370. The DOP re a c h e d  a  maximum o f 0.50 
m g /l on day  390 and  th e n  d e c re a se d  b ack  to  0 .2 6  m g /l by  day 400, r e ­
m ain ing  a t  th is ,  v a lu e  th ro u g h  day 4 l8 . F o llow ing  th e  g lu c o se  a d d i t io n ,
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th e  DOP d e c re a se d  to  0 .0 1  m g /l hy day h23 and th e n  in c re a se d  to
O .lS  m g /l hy day ^33 th ro u g h  day 4^9.
R esia lts  d u rin g  t h i s  p e r io d  in d ic a te d  t h a t  s te a d y - s ta te  c o n d itio n s  
cou ld  he m a in ta in e d  over r e l a t i v e l y  long  p e r io d s  o f  t im e . With th e  ex­
c e p tio n s  o f  DTP and DOP, a l l  p a ram ete rs  rem ain ed  a t  th e  le v e ls  e s ta b ­
l i s h e d  ahout day 200 th ro u g h  ahou t day k lO . I t  i s  f e l t  th a t  i f  th e  
ta n k  l i g h t  and a e r a t io n  had n o t heen in t e r r u p te d ,  and i f  g lucose had 
n o t heen added , t h a t  such  s te a d y - s ta te  c o n d i t io n s  co u ld  have been  main­
ta in e d  over even lo n g e r  p e r io d s  o f  tim e . One o f  th e  m ain c r i t ic i s m s  o f  
s im u la te d  n a tu r a l  system s has heen th a t  th e y  co u ld  n o t he u t i l i z e d  f o r  
lo n g -te rm  s tu d ie s .  That th e  e x p e rim en ta l d e s ig n  u sed  in  th i s  s tudy  made 
i t  p o s s ib le  t o  m a in ta in  s t e a d y - s ta t e  c o n d i tio n s  f o r  o v e r 200 days i s  
c o n s id e re d  one o f  th e  most im p o rtan t consequences o f  t h i s  re s e a rc h .
As m entioned  e a r l i e r ,  one o f  th e  o b je c t iv e s  d u rin g  th i s  p e r io d  
was to  s tu d y  th e  e f f e c t  o f  e x te r n a l  en v iro n m en ta l f a c to r s  (c o n tro ls )  on 
th e  m odel. Tank a e r a t io n  (s im u la te d  w ind) and  a r t i f i c i a l  l i g h t  (sim u­
la te d  s u n l ig h t )  w ere th e  c o n t ro ls  chosen f o r  t h i s  s tu d y . No a tte m p t 
was made in  t h i s  s tu d y  to  de te rm in e  th e  e f f e c t s  o f  v a ry in g  degrees o f  
l i g h t  i n t e n s i t y  o r  w ind speed  on th e  ta n k . I n s te a d ,  e f f e c t s  on th e  
ta n k  due t o  a e r a t io n  and no a e ra o lo n  w ith  l i g h t  and a e ra t io n  and no 
a e r a t io n  w ith o u t l i g h t  w ere in v e s t ig a te d .
G lucose was added t o  th e  ta n k  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  i t  was 
hoped t h a t  th e  o v e r a l l  re sp o n se  o f  th e  ta n k  t o  a  la r g e  in c re a s e  i n  b io ­
d eg rad ab le  m a te r ia l  co u ld  he d e te rm in ed . S eco n d ly , i t  was f e l t  t h a t  
th e  amount o f  g lu co se  added would s u f f i c i e n t l y  in c re a s e  th e  oxygen de­
mand to  a p o in t  w here a n a e ro b ic  c o n d itio n s  w ould r e s u l t .  T h ird ly , i t
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was hoped th a t  in  th e  absence o f  l i g h t ,  w ind , m ix in g , and DO t h a t  th e  
c o n d it io n s  in  th e  ta n k  would be s im i la r  to  c o n d i t io n s  known to  e x i s t  in  
th e  hypo lem netic  r e g io n s  o f  s t r a t i f i e d  la k e s  and im poundm ents. F in a l ly ,  
i t  was hoped th a t  i f  such  c o n d itio n s  d id  fo rm , th e  in t e r a c t io n  o f  th e  
sed im en ts  t h a t  accum ula ted  in  th e  ta n k  w ith  th e  o v e r ly in g  w ate r could  
be  s tu d ie d .
Comparison o f  F ig u re s  2h,  26 , and 27 r e v e a ls  t h a t  once ag a in  TDS, 
a l k a l i n i t y ,  and th e  v a r io u s  forms o f  hardness  in c re a s e d  s im i la r ly .  The 
p re sen ce  o r  absence o f  l i g h t  and a e r a t io n  a p p a re n t ly  had no e f f e c t  on 
th e s e  p a ra m e te rs . However, th e se  p aram eters  a l l  showed a  s u b s ta n t i a l  
in c re a s e  fo llo w in g  th e  g lu c o se  a d d i t io n .  I t  i s  su g g e s te d  th a t  th e s e  
in c re a s e s  were d u e , a t  l e a s t  i n d i r e c t l y ,  to  a l a r g e  b a c t e r i a l  p o p u la tio n  
t h a t  b u i l t  up a f t e r  a d d i t io n  o f g lu c o se . V is u a l (m ic ro sc o p ic )  examina­
t i o n  o f  th e  ta n k  w a te rs  in d ic a te d  t h a t  th e  la r g e  in c re a s e  in  t u r b i d i ty  
shown in  F ig u re  28 was n o t due to  suspended c la y  p a r t i c l e s , b u t b a c te r ­
i a l  c e l l s . M il l ip o re  p l a t e  counts re v e a le d  t h a t  th e  t o t a l  b a c t e r i a  had 
in c re a s e d  to  o v er 2 ,500  c o lo n ie s /m l by day U27. I t  i s  su g g es ted  th a t  
b a c t e r i a l  o x id a tio n  o f  th e  g lu co se  t o  COg and HgO cau sed  th e  low pH 
re a d in g s  betw een days ^20 and ^35 , shown in  F ig u re  25. F u rth erm o re , 
any a n ae ro b ic  breakdown o f  th e  g lu co se  cou ld  have r e s u l t e d  in  th e  p ro ­
d u c tio n  o f  o rg a n ic  a c id s  such as l a c t i c  a c id ;  t h i s  a l s o  cou ld  have 
accoun ted  f o r  th e  low pH. I t  i s  f u r th e r  su g g e s te d  t h a t  th e  in c re a s e  in  
COg due t o  o x id a tio n  o f  g lucose-—term ed  " a g g re s s iv e "  COg by H utchinson 
(28 ) —was re s p o n s ib le  f o r  th e  in c re a s e s  found in  h a rd n e s s ,  a l k a l i n i t y ,  
and c o n se q u e n tly , TDS. Mechanisms acc o u n tin g  f o r  th e  pH d e p re s s io n , 
in c re a s e d  a l k a l i n i t y ,  and in c re a se d  h a rd n ess  form s a re  shown below .
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COg + S g O ^ E g C O ^  ^  SCO "  + Ca)
CO"" + ^  HCO^” (b)
0H“ + h"^  ^  H O (c )
As shown in  eq u a tio n  ( a ) ,  an in c re a s e  in  00^ would have th e  
e f f e c t  o f  s h i f t i n g  th e  e q u ilib r iu m  to  th e  r i g h t ,  fo rm ing  carb o n ic  
a c id .  At th e  pH le v e ls  en c o u n te re d , th e  c a rb o n ic  a c id  would d i s s o c ia te  
form ing b ic a rb o n a te  and hydrogen io n s , th u s  in c re a s in g  th e  a l k a l i n i t y  
and d e c re a s in g  th e  pH. As shown in  e q u a tio n  ( b ) ,  an in c re a s e d  h yd rogen - 
io n  c o n c e n tr a t io n  would s h i f t  th e  e q u ilib r iu m  to  th e  r i g h t ,  form ing 
more b ic a r b o n a te . Thus any c a rb o n a te s  in  th e  ta n k  s o i l  a n d /o r  se d im e n t, 
such as CaCO^, would be co n v e rted  to  th e  more s o lu b le  b ic a rb o n a te  
fo rm s, w ith  th e  r e le a s e  o f  th e  a s s o c ia te d  c a t io n s  such as ca lc ium . C al­
c u la t io n s  r e v e a le d  th a t  im m ediately  p r io r  t o  th e  g lu c o se  a d d i t io n ,  th e  
s o l u b i l i t y  p ro d u c t o f  CaCO  ^ had been  re a c h e d . F i n a l l y ,  as  shown in  
e q u a tio n  ( c ) ,  an in c re a s e  in  h y d ro g en -io n  c o n c e n tr a t io n  w ould cause  a 
s h i f t  in  e q u i l ib r iu m  to  th e  r i g h t .  T h e re fo re , any m e ta ls  in  th e  hydrox­
id e  form  i n  th e  ta n k  s o i l  a n d /o r  sed im en t, such  as  M g (O H )w o u ld  be  
r e le a s e d  t o  s o lu t io n .  However, t h i s  would n o t b e  l i k e l y  a t  th e  pH 
ranges e n c o u n te re d . I t  i s  p o s s ib le  t h a t  th e  d e c re a se  in  pH could  
cause some in c re a s e  in  calc ium  and magnesium due to  s o lu b i l i z a t i o n  o f  
m a te r ia ls  such  as magnesium c a l c i t e s  ; such m a te r ia ls  a re  known to  be 
p r e c i p i t a t e d  by many organ ism s. O ther m a te r ia ls  n o t s p e c i f i c a l l y  
t e s t e d  f o r  co u ld  have a lso  gone in to  s o lu t io n  b ecau se  o f  th e  s h i f t s  
d is c u s se d  i n  e q u a tio n s  ( a ) ,  Cb), and ( c ) ;  th e  cu m u la tiv e  in c re a s e
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in  a l l  such  m a te r ia l s  cou ld  have acco u n ted  f o r  th e  TDS in c re a s e  d u rin g  
t h i s  p e r io d .
The in c re a s e s  in  i r o n  and manganese (F ig u res  29 and 30) a f t e r  
th e  g lu c o se  a d d i t io n  can a l s o  be a t t r i b u t e d ,  i n d i r e c t l y ,  to  th e  in c re a s e  
in  b a c t e r i a .  The sh a rp  drop in  DO (F ig u re  23) a f t e r  day h l8  was un­
d o u b ted ly  due to  o x id a t io n  o f  th e  g lu c o se  by b a c t e r i a .  E q u a tio n  (d) 
shows th e  mechanism in v o lv e d .
CgE^gOg + 60g - »  6C0g + 6EgO (d)
I t  i s  co n clu d ed  t h a t  th e  d e c re a se  in  DO a f t e r  day Ul8 caused  a 
lo w erin g  o f  th e  red o x  p o t e n t i a l .  T h e re fo re , as th e  redox  p o te n t i a l  
d ropped , th e  r e l a t i v e l y  in s o lu b le  i r o n - I I I  and m anganese-IV  found in  
th e  sed im ent w ould be red u ced  to  th e  more s o lu b le  i r o n - I I  and m anganese- 
I I  fo rm s. By com paring F ig u re s  29 and 30 , i t  can be  seen  t h a t  th e  
manganese had begun to  in c re a s e  by day 422, w h ile  th e  i r o n  d id  no t 
b eg in  to  in c re a s e  u n t i l  day k2J.  T h is would be ex p ec ted  i f  th e  redox 
p o te n t i a l  was th e  c o n t r o l l i n g  f a c to r  in v o lv e d , as th e  p o t e n t i a l  f o r  th e  
manganese cy c le  i s  h ig h e r  th a n  t h a t  o f  th e  f e r r o u s - f e r r i c  system . As 
can b e  s e e n , th e  DO was d ro p p in g  from day 422 to  427 , th e  c o n c e n tra tio n  
b e in g  2 .3  m g /l and 0 .8  m g /l r e s p e c t iv e ly .
The changes d e s c r ib e d  e a r l i e r  in  DTP and DOP (F ig u re  31) a lso  
have been  in t e r p r e t e d  as b e in g  l a r g e ly  b io lo g ic a l ly  m e d ia te d . Accord­
in g  t o  s tu d ie s  done by  F o re e , e t  a l . (2 9 ) , a lg a l  c e l l s  s u b je c te d  to  
b la c k o u t c o n d it io n s  d ie  and r e le a s e  s o lu b le  o rg an ic  p h o sp h a te  to  s o lu ­
t i o n .  F oree  a ls o  found th a t  i f  th e s e  c e l l s  had p r e v io u s ly  undergone 
" lu x u ry  u p ta k e"  o f  p h o sp h a te— d e fin e d  as th e  in c o rp o ra t io n  o f  phosphate
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i n t o  th e  c e l l s  in  q u a n t i t i e s  above t h a t  l e v e l  r e q u ir e d  f o r  optimum 
grow th  r a t e —th a t  t h i s  e x c e s s iv e  c e l l u l a r  phosphate  w ould b e  r e le a s e d  
t o  s o lu t io n  as o rg an ic  p h o sp h a te , in d ep en d en t o f  b a c t e r i a l  decom posi­
t i o n .  The c e l l u l a r  p hosphate  needed f o r  grow th was found t o  be r e le a s e d  
much s lo w er th an  th e  " lu x u ry  ph o sp h a te"  and was dependent upon b a c t e r i a l  
d eco m p o sitio n .
The in c re a s e  in  DTP fo llo w in g  b la c k o u t c o n d itio n s  was a t t r i b u t e d  
t o  th e  dy ing  a lg a l  b io m ass . V isu a l ex am in a tio n  o f  th e  ta n k  w a te r s , and 
th e  absence  o f any a p p re c ia b le  DO o r pH d iu rn a l  f lu c tu a t io n s  in d ic a te d  
t h a t  th e r e  had n o t been a la rg e  a lg a l  b io m ass. F u rth e rm o re , because  o f  
th e  r a th e r  la rg e  in c re a s e  in  DTP a f t e r  day 3^1, i t  was co n clu d ed  t h a t  
t h e  a lg a l  c e l l s  must have ta k e n  up c o n s id e ra b le  phosp h a te  in  excess 
o f  t h e i r  grow th n eed s . I t  i s  q u ite  p o s s i b le ,  th e n ,  t h a t  much o f  th e  
DTP r e le a s e d  cou ld  have been  in  th e  s o lu b le  o rg an ic  form . I f  th e  DTP 
was in  th e  s o lu b le  o rg an ic  s t a t e ,  th e n  b a c t e r i a  co u ld  have begun to  
u t i l i z e  i t  as a food so u rc e , r e le a s in g  DOP. T his cou ld  th e n  account 
f o r  th e  in c re a s e  in  DOP th a t  began ab o u t 20 days a f t e r  b la c k o u t .  The 
l a r g e  d e c re a se  in  DTP and DO? fo llo w in g  th e  g lu co se  a d d i t io n  was a t ­
t r i b u t e d  to  uptake by th e  la r g e  b a c t e r i a l  p o p u la tio n  th a t  developed . 
A ccord ing  to  Mackenthun ( 8 ) ,  b a c t e r i a  can a ls o  be  in v o lv ed  in  e x c e ss iv e  
p h o sp h a te  u p ta k e , d eg rad in g  th e  DTP and in c o rp o ra t in g  th e  DOP.
As d e s c r ib e d  e a r l i e r ,  i r o n  and m anganese in c re a s e d  a f t e r  th e  
ta n k  became a n a e ro b ic , and i t  was su g g e s te d  th a t  th e s e  m a te r ia l s  w ere 
r e le a s e d  from th e  sedim ent due to  a low  redox  p o t e n t i a l .  Stumm (.30) 
s t a t e s  t h a t  many p h o sp h a tes  found  in  la k e  sed im ents were form ed by 
d i r e c t  p r e c i p i t a t i o n  o f  th e  in o rg a n ic  p h o sp h a te  w ith  c a lc iu m , aluminum,
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and iron. Stmnm further states that redox potentials influence the 
affinity of sediments for phosphates. As an example, at high redox 
potentials iron-III reacts vith inorganic phosphate to form the insolu­
ble iron-III phosphate; at lov redox potentials iron-III is reduced to 
iron-II, releasing iron and phosphate to solution. However, after the 
tard: became anaerobic, there was no increase in inorganic phosphate 
(do?). Yet as described earlier, there was a large increase in DTP 
shortly after anaerobic conditions developed. It was therefore con­
cluded that the maximum concentration of DTP following blackout (2.3 
mg/l) represented that amount that had been incorporated into the algal 
biomass; the maocimum DTP concentration following the onset of anaerobic 
conditions (2.6 mg/l) represented that amount that had been incorporated 
into algae plus all other forms of aerobic life such as bacteria and
oa.
Comparison of Lake and Model Systems 
in Terms of Carbon and Nitrogen
Carbon and nitrogen determinations were done on a periodic basis 
during the IlO-day study period. It was felt that such determinations 
would allow additional means of comparing various components of the 
model with the Thunderbird system. The techniques used allowed compari­
son of the percent carbon and nitrogen content of the watershed topsoil, 
lake sediment, tank sediment, and total and dissolved residue from the 
lake and tank waters.
Sediments were collected from Lake Thunderbird with a six-inch 
Skman dredge. The sediments ■'-'ere collected from a point approximately 
200 feet northwest from the center of the Thunderbird dam, in about
104
40 f e e t  o f  w a te r  (se e  F ig u re  6 ) .  D ep th -sound ing  had shown t h i s  t o  be 
th e  d e e p e s t p a r t  o f  th e  la k e ;  i t  was f e l t  t h a t  th e r e  w ould be more 
accum ula ted  sed im en ts— in c lu d in g  o rg a n ic  d e t r i t u s — in  t h i s  lo c a t io n  
b ecau se  th e  d eep e r w a te rs  would a llo w  more p r o te c t io n  from  w ind -induced  
c i r c u l a t i o n .  The w ate r sam ples w ere c o l le c te d  from th e  same lo c a t io n ,  
b u t  j u s t  u n d er th e  s u r fa c e .  Tank sed im en ts  w ere c o l le c te d  from th e  
sed im ent t r a p s  m entioned e a r l i e r  and ta n k  w a te rs  were c o l le c te d  from  
ju s t  u n d e rn e a th  th e  s u r f a c e .  The s o i l  sam ple was from th e  same lo c a t io n  
a s  used  in  th e  column.
A ll  sam ples were p re p a re d  f o r  a n a ly s is  i n  th e  same manner. The 
s o i l  and sed im en t sam ples (ap p ro x im a te ly  50 grams dry  w eigh t) w ere a i r -  
d ry e d , p u lv e r i z e d ,  and p la c e d  in  a  d ry in g  oven a t  103°C f o r  1 h o u r .
T o ta l  r e s id u e  was o b ta in e d  from  th e  la k e  and ta n k  l i q u id  samples by 
e v a p o ra tin g  100-m l sam ples t o  d ry n e s s . D is so lv e d  re s id u e s  were o b ta in e d  
by  e v a p o ra tin g  100-ml p o r t io n s  o f  c e n t r i f u g a te  (15,000 rpm fo r  20 
m in u te s ) t o  d ry n e ss . T o ta l and d is s o lv e d  re s id u e s  w ere th e n  p la c e d  in  
th e  d ry in g  oven a t  103°C f o r  1 hour and b ro u g h t to  c o n s ta n t w e ig h t. A ll  
sam ples w ere th e n  ground t o  a  f in e  pow der, m ixed , and p o r tio n s  w ith ­
drawn f o r  carbon  and n i t ro g e n  a n a l y s i s .
Carbon and n it ro g e n  v a lu e s  w ere o b ta in e d  by u s in g  a  model l8 5  
c a rb o n , h y d ro g en , and n i t ro g e n  a n a ly z e r  m an u fac tu red  by F and M 
(H ew le tt-P a ck a rd ) S c ie n t i f i c  C o rp o ra tio n . B a s ic a l ly ,  th e  in s tru m en t 
u ses  o x id a t io n  and re d u c tio n  fu rn a c e s  to  c o n v e r t a l l  n it ro g e n  to  and 
a l l  carbon  to  00^ . A gas ch rom atograph ic  system  th e n  s e p a ra te s  th e  
from  th e  CO^. The c a r r i e r  gas th e n  sweeps th e s e  m a te r ia ls  in d iv id u a l ly  
t o  a th e rm a l c o n d u c t iv ity  d e te c to r .  The d e te c to r  develops an e l e c t r i c a l
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s ig n a l  p ro p o r t io n a l  to  th e  c o n c e n tra t io n  o f  th e  m a te r ia l in  th e  c a r r i e r  
g a s ;  t h i s  s ig n a l  i s  th e n  d e l iv e re d  to  a  p o te n tio m e tr ic  r e c o r d e r ,  p ro ­
ducing  th e  chrom atogram . The in s tru m e n t was c a l ib r a te d  a g a in s t  a  known 
sam ple a c c o rd in g  to  th e  m a n u fa c tu re r ’s d i r e c t i o n s .
R e s u lts  showing th e  p e rc e n t carbon  c o n te n t o f  v a rio u s  phases o f  
th e  model and T hunderb ird  a re  shown in  F ig u re  32.  The v a lu e s  shown a re  
averages de term ined  from  9 r e p l i c a t e  a n a ly s e s .  As can b e  s e e n ,  th e r e  
was v e ry  l i t t l e  d if f e r e n c e  in  carbon  c o n te n t betw een  w a te rsh ed  s o i l ,  
la k e  sed im en t c o l le c t e d  in  th e  w in te r ,  and ta n k  se.iim ent c o l le c te d  on 
day 237.  T o ta l  s o l id s  in  th e  column e f f lu e n t  w ere determ ined  to  be 
25 p e rc e n t carbon . The la k e  (w in te r  sam ple) and ta n k  (day 237) t o t a l  
s o l id s  w ere found t o  b e  55 and 63 p e rc e n t  c a rb o n , r e c p c c h iv e ly .
The p e rc e n t n i t r o g e n  c o n te n t o f  th e  same samples i s  shown in  
F ig u re  33. Once a g a in ,  th e  9 - r e p l i c a t e  av erag es  in d ic a te d  v e ry  l i t t l e  
d i f f e r e n c e  betw een w a te rsh ed  s o i l ,  la k e  sed im en t c o l le c te d  d u rin g  th e  
w in te r ,  and ta n k  sed im ent c o l le c te d  on day 237. The t o t a l  s o l id s  w ere 
de term ined  to  be  2 .3  p e rc e n t  n i t ro g e n  in  th e  column e f f lu e n t ,  0 .6  p e rc e n t 
in  th e  l a k e ,  and 3 .1  p e rc e n t in  th e  ta n k .
F ig u re s  3^ and 35 show th e  p e rc e n t carbon  and n it ro g e n  found in  
la k e  se d im e n ts . Comparisons a re  a ls o  shown betw een  lake  t o t a l  and la k e  
d is s o lv e d  r e s id u e s ,  and betw een ta n k  t o t a l  and d is so lv e d  r e s id u e s .  As 
can  be s e e n , th e re  was v e ry  l i t t l e  o f  th e  carbon  and n itro g e n  in  th e  
p a r t i c u l a t e  p liase. Both th e  t o t a l  and d is s o lv e d  la k e  r e s id u e s  con­
ta in e d  ab o u t 55 p e rc e n t c a rb o n , w hereas th e  ta n k  t o t a l  and  d is s o lv e d  
re s id u e s  w ere found t o  c o n ta in  ro u g h ly  62 p e rc e n t  carbon . The p e rc e n t 
n i t ro g e n  found in  th e  la k e  t o t a l  and d is s o lv e d  re s id u e s  was found to  be
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about 0 .5  p e r c e n t ;  th e  ta n k  t o t a l  and d is so lv e d  r e s id u e s  v e re  ro u g h ly  
2 .8  p e rc e n t  n i t r o g e n .  The la k e  sam ples v e re  c o l le c t e d  in  June 19T0, 
and th e  ta n k  sam ples w ere c o l le c te d  on day 357.
F ig u re s  36 and 37 show th e  p e rc e n ta g e  o f  carbon  and n i t ro g e n  
found in  v a r io u s  p h ases  o f  th e  ta n k  on day 399. As b e f o r e ,  th e  9 -  
r e p l i c a t e  av e ra g es  r e v e a le d  v e ry  l i t t l e  d if f e r e n c e  in  carbon  and n i t r o ­
gen c o n te n t betw een th e  ta n k  t o t a l  re s id u e  and th e  ta n k  d is s o lv e d  
r e s id u e .  On t h i s  d a te ,  th e  ta n k  re s id u e  was found to  b e  ro u g h ly  55 
p e rc e n t  carbon  and 3 -3 -1  p e rc e n t n itro g e n .
S e v e ra l c o n c lu s io n s  have been  drawn from  th e  p re c e d in g  r e s u l t s .  
T hat t h e r e  was v e ry  l i t t l e  d i f f e r e n c e  in  ca rb o n  and n it ro g e n  c o n te n t in  
th e  s o i l ,  la k e  se d im e n t, and ta n k  sed im en t, and b eca u se  th e  carbon  and 
n i t ro g e n  p e rc e n ta g e s  w ere r e l a t i v e l y  low, i t  was concluded  t h a t  th e re  
had been  no a p p re c ia b le  o rg a n ic  accum ula tion  in  e i t h e r  th e  la k e  o r ta n k  
se d im e n ts . F u rth e rm o re , com parison o f  la k e  sed im en t v a lu e s  in  F ig u res  
32 and 33 w ith  th e  v a lu e s  shown in  F igures 3^ and 35 in d ic a te d  th a t
th e re  was no a p p re c ia b le  change in  carbon and n it ro g e n  c o n te n t from
December I 969 t o  June 1970. This apparen t la c k  o f  any o rg an ic  accumu­
l a t i o n  in  th e  la k e  sed im en ts  has been  a t t r ib u t e d  to  th e  fo llo w in g :
1 . Lake T h u n d erb ird  i s  a  young impoundment.
2. The s o i l s  in  th e  d ra in a g e  a rea  a r e  r e l a t i v e l y  low in  o rg an ic  
m a t e r i a l s .
3 . The la k e  i s  n o t known to  have a la r g e  b io m ass.
1. The la k e  i s  a lm ost c o n t in u a lly  m ire d  by p r e v a i l in g  w in d s,
th u s  a llo w in g  d ecom position  of any suspended  o rg a n !c s  b e fo re  
th e y  accum ula te  in  th e  sed im e n ts .
The same re a so n s  have been  u sed  to  ex p la in  th e  s im i la r  r e s u l t s  found
in  th e  ta n k  sed im en t on day 237.
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As was shown i n  F ig u re s  3^ -37 , th e r e  was v e ry  l i t t l e  d if f e r e n c e  
found in  c a r to n  and n i t r o g e n  c o n ten t betw een la k e  t o t a l  and d is s o lv e d  
sam ples and betw een ta n k  t o t a l  and d is s o lv e d  sam p les . A c co rd in g ly , 
m ost o f  th e  t o t a l  s o l id s  i n  th e  lak e  and ta n k  w ere found to  be in  th e  
d is s o lv e d  s t a t e .  T h e re fo re ,  assuming t h a t  a l k a l i n i t y  v a lu e s  r e p re ­
se n te d  m ost o f  th e  in o rg a n ic  carbon p r e s e n t ,  i t  was p o s s ib le  to  c a l ­
c u la te  th e  o rg an ic  carbon  c o n c e n tra tio n  in  th e  ta n k  and la k e .  I t  i s  
r e a l iz e d  t h a t  th e  m anner in  w hich sam ples were p re p a re d  f o r  a n a ly s is  
would have caused  th e  lo s s  o f  any carbon  p re s e n t  as COg. However, such 
lo s s  was assumed sm a ll due t o  th e  pH le v e l s  e n co u n te red : th e  pH in  
b o th  system s was u s u a l ly  8 o r  g re a te r  a t  th e  tim e  o f  a n a ly s i s .  Nomo­
g ra p h ic  c a l c u la t io n  o f  th e  f r e e  COg c o n c e n tr a t io n ,  as  p r e s c r ib e d  in  
"S tan d ard  M ethods" ( l 8 ) ,  in d ic a te d  t h a t  under th e  c o n d itio n s  o f  tem­
p e r a tu r e ,  pH, TDS, and a l k a l i n i t y  found in  th e  la k e  and ta n k ,  0 .5  m g /l C 
was th e  maximum c o n c e n tr a t io n  p re s e n t.  A ll  carbon  v a lu e s  o b ta in e d  were 
i n t e r p r e t e d ,  th e r e f o r e ,  a s  t o t a l  carbon . The e q u a t io n  u se d  to  co n v ert 
a l k a l i n i t y  c o n c e n tra t io n s  to  in o rg a n ic  carbon c o n c e n tr a t io n s  i s  shown 
below .
(mW ^T c^ T  &1^. as CaCOg) = m g/l in o rg a n ic  carbon
T o ta l  carbon p e rc e n ta g e s  were co n v e rted  to  c o n c e n tra t io n s  by 
m u lt ip ly in g  p e rc e n t ca rb o n  from  t o t a l  d is s o lv e d  r e s id u e  tim es t o t a l  
d is s o lv e d  s o l id s  CTDS).
(%C) (m g/l TDS) = m g /l t o t a l  carbon
O rganic carbon  c o n c e n tra tio n s  w ere th e n  e s t im a te d  by s u b t r a c t io n .
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T o ta l C arton -  In o rg a n ic  Carbon = O rganic Carbon
C a lc u la t io n s  re v e a le d  t h a t  th e  ta n k  t o t a l  carbon  c o n c e n tra tio n s  
ran g ed  from  lUO m g/l to  l80  m g /l .  C onversion  o f  co rresp o n d in g  a lk a ­
l i n i t y  c o n c e n tra tio n s  to  in o rg a n ic  carbon  c o n c e n tra tio n s  re v e a le d  a 
ran g e  o f  ab o u t 15 m g/l to  25 m g /l.  O rgan ic carbon  c o n c e n tra tio n s  w ere 
th e n  e s t im a te d  by s u b tr a c t io n  to  ran g e  from  125 m g /l to  155 m g /l. 
T h e re fo re ,  th e  t o t a l  carbon in  th e  ta n k  was e s tim a te d  to  be  86 to  89 
p e rc e n t o rg a n ic .
S im ila r  c a lc u la t io n s  f o r  Lake T h u n d erb ird  re v e a le d  th a t  from 
December 1969 to  June 1970 th e  t o t a l  carbon  ran g ed  from 135 m g /l to  
1L5 m g /l.  Conversion o f  a l k a l i n i t y  v a lu e s  y ie ld e d  an in o rg a n ic  carbon 
ran g e  o f  15 m g/l to  25 m g / l . The la k e  o rg a n ic  carbon  c o n c e n tra tio n  was 
th e n  e s t im a te d  to  be about 120 m g /l. These c a lc u la t io n s  th e r e f o r e  
e s t im a te d  th e  t o t a l  la k e  carbon  t o  be ab o u t 83 to  89 p e rc e n t o rg a n ic .
The above c a lc u la t io n s  in d ic a te d  t h a t  m ost (90%) of th e  carbon  
in  th e  ta n k  and lak e  aqueous ph ases  was o rg a n ic .  F u rth erm o re , f o r  
re a so n s  g iv en  e a r l i e r ,  i t  i s  concluded  t h a t  m ost o f  th e  carbon  was i n  
th e  d is s o lv e d  s t a t e .  T his y ie ld s  f u r t h e r  ev id en ce  to  th e  assum ption  
made e a r l i e r  t h a t  th e  ta n k  DTP was o f  an o rg a n ic  n a tu re .  The low BOD  ^
v a lu e s  o b ta in e d ,  acco u n tin g  f o r  o n ly  25 p e rc e n t o f  th e  m easured COD, 
in d i c a te  t h a t  th e  o rg an ic  m a te r ia l  was o n ly  s l i g h t l y  b io d e g ra d a b le .
Thus much o f th e  o rg an ic  m a te r ia l  was p ro b a b ly  a  s o i l  humus e x t r a c t .
The c o n tin u in g  supply  o f  s o i l  e x t r a c t  from  th e  p e rc o la t io n  column c o u ld  
accoun t f o r  th e  h ig h  n i t ro g e n  v a lu e s ,  as  compared t o  th e  la k e ,  shown in  
F ig u re s  33 and 35.
SUMMARY AND CONCLUSIONS
CHAPTER V
Throughout th i s  s tu d y ,  th e  goal o f d e te rm in in g  th e  f e a s i b i l i t y  o f 
a  la b o ra to ry  model as an a d d i t io n a l  s c ie n c e  and e n g in e e r in g  re s e a rc h  
to o l  fo r  w a te r  q u a l i ty  s tu d ie s  was k ep t c o n s ta n t ly  in  m ind. H o p e fu lly , 
model s tu d ie s  would g iv e  th e  e n g in e e r  a d d i t io n a l  c a p a b i l i t i e s  f o r  p re ­
impoundment s i t e  s e l e c t i o n ,  d es ig n  o f  o u t l e t  s t r u c t u r e s ,  e f f e c t s  o f 
a n t i c ip a te d  p o l l u t a n t s ,  r a t e  o f  e u t ro p h ic a t io n ,  and in  g e n e ra l ,  th e  
en v iro n m en ta l im pact o f  a  p roposed  impoundment sy stem . Model s tu d ie s  
co u ld  a ls o  p ro v id e  th e  s c i e n t i f i c  community a d d i t io n a l  fundam en ta l r e ­
s e a rc h  c a p a b i l i t i e s  in  th e  a re a s  of n u t r i e n t  c y c l in g ,  s e d im e n t-n u tr ie n t  
exchange, b io a s s a y ,  r e a c t io n  r a t e  s tu d ie s ,  and many o th e r  a re a s  o f  con­
c e rn .  However, th e  g r e a t e s t  v a lu e  o f th e  p h y s ic a l  model s tu d ie s  could  
e a s i l y  be th e  c o n c e p tu a l m a th em atica l m odels t h a t  co u ld  develop  p a r a l ­
l e l  to  them . U ndoubtedly , m a them atica l models would b e  th e  end r e s u l t  
o f  c o l la b o r a t io n  betw een th e  e n g in e e rin g  and s c i e n t i f i c  com m unities, 
and would p ro v id e  th e  p r e d ic t iv e  c a p a b i l i t i e s  so d e s p e ra te ly  needed in  
th e  a re a  o f  w a te r  re s o u rc e s .
The r e s u l t s  o b ta in e d  from th i s  i n i t i a l  la b o ra to r y  and f i e l d  s tudy  
w ere by n e c e s s i ty  f a r  more q u a l i t a t i v e  th a n  q u a n t i t a t i v e .  C onsequen tly , 
no m a th em a tica l tre a tm e n t o f  th e  d a ta  was o f f e r e d .  However, i t  was
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p o s s ib le ,  a t  l e a s t  f o r  th e  p a ram e te rs  in v o lv e d , to  make s e v e ra l  comments 
about th e  Lake T hunderb ird  system  b ased  on th e  r e s u l t s  o f  th e  model 
s tu d ie s .
That th e  chem ica l w a te r  q u a l i ty  o f  th e  m odel, u n d er s tead y  s t a t e  
c o n d i t io n s ,  was rem arkab ly  s im i la r  to  th a t  o f  T h u n d erb ird  was h ig h ly  en­
co u rag in g . This in d ic a te d  t h a t  th e  p e r c o la t io n  column was a sou rce  o f 
th e  same ty p e  c o n s t i tu e n t s  as w ere a v a i la b le  to  T hun d erb ird  v ia  w a te r -  
s h e d - r a in f a l l - r u n o f f . However, much more s ig n i f i c i a n c e  was a t t r i b u t e d  
to  th e  f a c t  th a t  th e  model responded  to  m a n ip u la tio n  o f  v a r io u s  e n v ir ­
onm ental c o n t ro l  f a c t o r s  in  a  more o r  l e s s  p r e d ic ta b le  m anner. That 
i s ,  th e  m odel behaved s im i la r l y  to  known impoundment b e h a v io r .  That 
th e  i n i t i a l  "im pounded" ta n k  w a te r  changed w ith  tim e from  a q u a l i ty  
id e n t i c a l  to  th e  column e f f lu e n t  to  a q u a l i ty  s im i la r  to  T hunderb ird  
in d ic a te d  one type  o f  re sp o n se : th e  tan k  (impoundment) d id  perform  as
a r e a c to r  on th e  a v a i la b l e  s o u rc e s .  T hat lo n g -te rm  s te a d y  s t a t e  con­
d i t io n s  co u ld  be m a in ta in e d  by keep ing  th e  v a r io u s  en v iro n m en ta l con­
t r o l  f a c to r s  c o n s ta n t was a n o th e r  type o f  re sp o n se . Change in  one o r  
more c o n t ro l  f a c to r s  p roduced  o th e r  ty p es  o f re s p o n s e s . F in a l ly ,  a l l  
such re sp o n ses  in d ic a te d  t h a t  th e  model was a  dynamic " l iv in g "  system .
R e s u lts  from p e r c o la t io n  column s tu d ie s  in d ic a te d  th e  p resen ce  
o f  a s lu g  e f f e c t .  S tu d ie s  o f  r e g io n a l  p r e c i p i t a t i o n  p a t te r n s  in d ic a te d  
th a t  th e  s lu g  e f f e c t  co u ld  be  a  s ig n i f i c a n t  f a c to r  in  th e  Thunderbird  
system .
O ther th an  a few b a c t e r i a  c o u n ts , b io lo g ic a l  s tu d ie s  as such w ere 
n o t done. However, o b s e rv a tio n s  re v e a le d  v a r io u s  g roups o f p lan k to n  
were p r e s e n t  th ro u g h o u t most o f  th e  s tu d y . That th e  in tro d u c e d  s p e c ie s
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o f C ladocera  and Copepoda su rv iv e d  f o r  th e  d u ra t io n  o f  th e  s tu d y  sug­
g e s ts  th e  c u l tu r in g  p r o p e r t i e s  o f th e  s o i l - w a te r  m edia. S ev era l o f  th e  
re sp o n se  s tu d ie s  done from  days 250-450 su g g e s te d  th e  in f lu e n c e  o f  the  
b io ta  on th e  a q u a t ic  m edia and v ic e  v e r s a .
R e su lts  o b ta in e d  from s tu d ie s  o f s im u la te d  hy p o lim n etic  c o n d itio n s  
in d ic a te d  th a t  i f  such  c o n d itio n s  d id  develop  in  T hunderb ird , dom estic 
su p p ly  problem s co u ld  a r i s e  due to  in c re a s e d  c o n c e n tra tio n s  of i r o n ,  
m anganese, and h a rd n e s s .
S e v e ra l in h e re n t  w eaknesses in  th e  e x p e rim e n ta l design  used  as 
th e  b a s is  f o r  t h i s  r e s e a rc h  became a p p a re n t d u r in g  th e  course o f  s tu d y . 
The s tro n g  dependence o f  th e  model system  on th e  p e rc o la t io n  column, as 
w e ll  as  some o f  th e  o p e r a t io n a l  problem s a s s o c ia te d  w ith  the  column, 
has a lre a d y  been  p o in te d  o u t .  P robab ly  th e  g r e a t e s t  weakness a s s o c ia te d  
w ith  th e  use o f  th e  p e r c o la t io n  column was t h a t  in  o rd e r  to have a  su f ­
f i c i e n t  volume o f w a te r  d e l iv e r e d  to  th e  ta n k ,  th e  s o i l  in  th e  column 
s ta y e d  alm ost co m p le te ly  s a tu r a te d  w ith  w a te r .  In  o th e r  w ords, based  
on an average  an n u a l p r e c i p i t a t i o n  o f 33 in c h e s  p e r  y e a r ,  th e  amount o f  
w a te r  pumped to  th e  column d u rin g  th e  450-day  s tu d y  p e rio d  was equ iva­
l e n t  to  ap p ro x im ate ly  25 y e a rs  r a i n f a l l  in  th e  T hunderbird  r e g io n .  The 
re a so n  fo r  t h i s  i s  q u i t e  a p p a re n t in  view o f th e  f a c t  th a t  th e  r a t i o  o f 
th e  T hunderb ird  d ra in a g e  a r e a  to  th e  a re a  o f  th e  r e s e r v o ir  i s  2 7 :1 , 
w h ile  th e  r a t i o  o f  th e  column s u r fa c e  a re a  to  th e  a re a  o f th e  ta n k  was 
o n ly  0 .1 :1 .  C lo se r  ap p ro x im atio n  o f t h i s  r a t i o  in  th e  fu tu re  would 
a llow  more r e a l i s t i c  a t te m p ts  to  be made a t  s tu d ie s  concerned w ith  th e  
e f f e c t s  o f  amount and i n t e n s i t y  o f r a i n f a l l  on w a te r  q u a l i ty .
I t  a lso  became a p p a re n t d u rin g  th e  co u rse  o f  s tu d y  th a t  s e v e ra l
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im provem ents w ere needed  in  th e  ta n k  (impoundment) phase  o f  th e  model. 
The g la s s  s id e s  o f th e  tan k  r e s u l t e d  in  a s u r f a c e  a re a  to  volume r a t i o  
t h a t  was h ig h ly  u n r e a l i s t i c .  One o f th e  consequences o f  t h i s  was th e  
grow th o f  organism s (m ostly  b lu e -g re e n  a lg a e )  on th e  s id e s  o f  th e  ta n k . 
A lso , due to  th e  sh a llo w  dep th  o f  th e  tank  w a te r s ,  no volume o f w a te r  
was r e p r e s e n ta t iv e  o f  th a t  found b en ea th  th e  zone o f  l i g h t  p e n e t r a t io n  
in  n a tu re .  I t  i s  su g g es ted  th a t  any fu tu re  re s e a rc h  e f f o r t s  in  t h i s  
a r e a  m ight in c lu d e  th e  use o f  to p o g ra p h ic a l maps of th e  re g io n  o f  con­
c e rn  to  " l im n o lo g ic a l ly  d e s ig n "  th e  re c e iv in g  ta n k .
I t  was concluded  from t h i s  re s e a rc h  th a t  a  la b o ra to ry  s im u la tio n  
o f  an impoundment system  as a re s e a rc h  to o l  i s  f e a s ib l e .  This conclu ­
s io n  was based  on r e s u l t s  t h a t  in d ic a te d  th a t  such  a  model cou ld  b e  
e s ta b l i s h e d  and dynam ically  m a in ta in ed  over long p e r io d s  o f  tim e , a t  
l e a s t  in  term s o f  th e  p a ram ete rs  s tu d ie d .  M an's u n d e rs tan d in g  of th e  
v a r io u s  p h y s ic a l ,  ch em ica l, and b io lo g ic a l  p ro c e s se s  found in  la k e s  
and impoundments i s  s t i l l  l im i te d .  Yet i t  i s  e n t i r e ly  p o s s ib le  th a t  
man, as he has so o f te n  done in  th e  p a s t ,  by a p p ro p r ia te  m a n ip u la tio n  
o f  known v a r ia b le s  can  p r e d ic t  and c o n tro l  c e r t a in  n a t u r a l  system s w ith ­
o u t u n d e rs ta n d in g  th e  component p a r t s  and r e a c t io n s  found w ith in  any 
one system . I t  was to  th i s  end th a t  t h i s  r e s e a rc h  was in te n d e d .
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